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Abstract 
This dissertation describes the fabrication and characterization of nanoscale structures in 
commercially available polymers via multiphoton ablation and bottom-up self assembly 
techniques. High-resolution surface imaging techniques, such as atomic force microscopy (AFM) 
and chemical force microscopy (CFM) were used to characterize the physical features and 
chemical properties, respectively, of these nanoscale structures. Fabrication using both  top-down 
and bottom-up methods affords flexibility  in that top-down allows random, user-defined 
patterning whereas bottom-up self assembly produces truly nanoscale (1-100nm) uniform 
features.  Multiphoton induced laser ablation, a top-down method, was used to produce random 
sub-micron scale features in films of poly(methylmethacrylate) (PMMA), polystyrene (PS), 
poly(butylmethacrylate) (PBMA) and poly[2-(3-thienyl)ethyloxy-4-butylsulfonate] (PTEBS). 
Features with 120-nm lateral resolution were obtained in a PMMA film which was concluded to 
be the best polymer for use with this method. It was also found that etching resolution was 
highest for polymers having high glass transition temperatures, low molecular weights and no 
visible absorption.  Bottom-up self assembly of polystyrene-poly (methylmethacrylate) (PS-b-
PMMA) diblock copolymer and UV/acetic acid treatment produced nanoscale cylindrical 
domains supported by a substrate. AFM imaging at the free surface showed metastable vertical 
PMMA domain orientation on gold substrates. In contrast, horizontal orientation was obtained on 
oxide-coated silicon regardless of surface roughness and annealing conditions.  The horizontal 
domain orientation on silicon substrates was ideal to probe simultaneously the difference in 
surface charge and hydrophilicity of the two distinct nanoscale domains of UV/AcOH treated 
PS-b-PMMA films. CFM on UV/acetic acid etched PS-b-PMMA revealed the presence of –
COO- groups which were found to be more abundant inside the etched trenches than on the 
unetched PS matrix as shown by ferritin adsorption onto etched PS-b-PMMA. Lastly, the PS-b-
PMMA was cast as a free-standing monolith at the end of a quartz micropipette. AFM revealed 
circular PMMA dots at the free surface, indicating alignment parallel to the long axis of 
capillary. Ion conductance within nanochannels indicated surface –charge governed ion transport 
at low KCl concentrations and flux of negatively-charged sulphorhodamine dye demonstrated 
the permselective nature of nanochannels.   
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surface charge and hydrophilicity of the two distinct nanoscale domains of UV/AcOH treated 
PS-b-PMMA films. CFM on UV/acetic acid etched PS-b-PMMA revealed the presence of –
COO- groups which were found to be more abundant inside the etched trenches than on the 
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Chapter 1 - Introduction 
The current trend in industry and fundamental research is towards miniaturization of 
components and devices, hence the constant quest by researchers for materials and methods that 
can team up for the fabrication of nanostructures typically in the range of 1-100 nm. It is in this 
size regime that atoms and molecules interact and assemble into structures that possess unique 
characteristics all dependent on the nanoscale size of the structures. Thus it is hardly surprising 
that nanostructured materials are extremely attractive, among other applications, as templates for 
the synthesis of other composite nanostructures. This is so because molecular interactions, 
processes and chemical and physical phenomena can be finely controlled, at the nanoscale, and 
directed to form the desired geometries of nano materials, such as nanoparticles and nanowires. 
The unique nano-dimension coupled with features such as large interior surface/volume ratio, 
high porosity with monodisperse pores, highly ordered structures, versatile, rich  and tunable 
surface composition underline their important uses in various applications such as size and 
affinity based separations, catalysis, filtration, chemical sensor arrays, templates for synthesis of 
nanomaterials, bioseparations and electronic devices. Opportunities for novel uses are constantly 
being sought as research in nanotechnology continues to unravel new methods and materials that 
can be patterned into nanoscale structures. 
Almost all routes to nanoscale structures have employed one of two types of patterning 
methods to create them, the top down and the bottom up approach. Various lithographic 
techniques encompass the top-down approach to nanometer-sized patterns and the bottom up 
method relies on the self assembly of macromolecules to create supramolecular assemblies of 
nanometer scale structures. Nanopatterns produced via the bottom up approach have often been 
used, among other applications, as templates for top-down nanostructuring. This process often 
involves the use of a self assembled polymer with nanoscale patterns that is used as a template to 
transfer patterns onto other materials via a top-down fabrication technique. Alternatively, UV 
light is irradiated on a patterned photomask placed over a self-assembled block copolymer film. 
The exposed regions cross-link while the unexposed regions are rinsed away leading to spatially 
controlled nanostructures that can be patterned into nanochannels.  In addition, high-resolution 
nanoscale patterns, including nanoporous monoliths and patterned nanoparticles have been 
2 
 
produced by the integration of top-down and self assembly methods.1, 2 For instance, hierarchical 
control of self-assembled nanopatterns with long-range order and tunable orientation can be 
produced within top down defined submicron patterns.1 These are a few of the examples that 
demonstrate the versatility of the top-down and bottom-up approaches to precisely control the 
fabrication of structures from submicron to nanoscale dimensions.  
Nanoscale structures have been fabricated in various materials depending on the type of 
application under consideration. For instance, electronic devices employ light sensitive (DNQ)-
based and other photoresist materials consisting of a polymer and a photoacid generator for 
conventional photolithographic patterning of circuits.3 The materials used for top-down 
lithographic techniques largely depended on the wavelength of the radiation source and required 
dopants and additives to optimize absorption of a particular wavelength. The next generation of 
top down methods using laser ablation lithography employed doped and neat homopolymers for 
ablation studies.4 However, the majority of such studies employed doped polymers to enhance 
ablation rates when the laser illumination was outside the polymer’s absorption spectrum. 
Studies involving laser ablation with neat polymers, such as poly (methylmethacrylate) 
(PMMA), typically focused on either ablation mechanisms or types of radiation source and 
materials that can be ablated.  In the bottom-up approach to nanoscale structures, two major 
classes of materials are employed: forming nanoscale structures in inorganic materials, such as 
silica, using organic surfactant templates and the self-assembly of phase-separated block 
copolymers (BCPs). The latter is by large the best studied and documented class of materials. 
The wide use of  polymers to fabricate nanostructures is justified in that it is easier to process 
polymeric materials, they are flexible and do not crack under stress and more importantly their 
natural length scale is limited to molecular dimensions so their morphologies in the bulk lie 
precisely at the nanometer length scale. Furthermore, neat polymers with inherent chromophores 
absorb light from UV to IR wavelengths and the ablation properties are reported for a few of 
them. These make them attractive for top-down laser ablation patterning. On the other hand, self-
assembling BCPs possess a very narrow distribution of pore sizes and unique chemical 
functionalities that can be functionalized with various chemical moieties to tune chemical 
interactions at the nanopore interface. More importantly BCPs are very flexible in that they can 
be cast in any form, including thin film and monolithic conformations, to create large matrices 
with nanoscale pores/channels.  Highly ordered nanoscale structures fabricated in polymers, via 
3 
 
top down and bottom up approaches, are continuing to replace conventional nanoporous media 
based on sol gels and entangled polymers/fibers in various applications.  
 
 Objectives and Motivation 
 
This thesis describes the fabrication and more importantly the characterization of 
nanoscale patterns formed in commercially available homopolymers and polystyrene-
poly(methylmethacrylate) (PS-b-PMMA) block copolymer via a top-down direct write laser 
ablation technique and the bottom-up self assembly, respectively. Practical applications, such as 
templating, catalysis and separation, require nanoscale structures formed in thin films with long 
range ordering of domains and in the case of BCPs vertical orientation of the microphase-
separated domains to an underlying substrate. In addition to controlling the physical aspects of 
the nanoscale structures, characterizing their surface chemical properties, at the nanoscale 
resolution, is of equal importance in applications relying on interfacial phenomena. Research to 
date has largely focused on the physical aspects of the nanoscale structures and how well these 
can be adapted for a specific application. Currently, conventional materials such as polydisperse 
entangled polymers used in chromatographic columns and as filtration membranes are being 
replaced by well ordered nanoporous materials with uniform pore sizes. In view of the promising 
potential of ordered nanopatterned polymers, the overall objective of this project was to employ 
two different routes, top-down and bottom-up, to the fabrication of nanoscale structures in 
commercially available polymers, focusing on their characterization. The nanoscale structures 
were fabricated in thin films supported by substrates and finally in a free-standing conformation. 
Specific objectives of the project included the systematic study of commercial polymers best 
suited for nanoscale patterning via a top down approach, investigation of the optimum conditions 
required to orient nanoscale domains (PMMA), both vertically and horizontally, in thin films of 
PS-b-PMMA via the bottom-up self assembly and in-depth characterization of the surface 
chemical properties of UV modified PS-b-PMMA thin films and free-standing monoliths.   
Control over nanodomain orientation in thin films of PS-b-PMMA was important in this 
work for subsequent chemical characterization of the films after UV/acetic acid etching of the 
minor phase (PMMA). Although vertical domain orientation of the nanoscale PMMA cylinders 
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is the preferred structure from a practical point of view, the horizontal domain orientation is 
crucial for characterization of the surface chemical properties of the etched domains as well as 
the unetched PS matrix, as will be described in the second section of chapter 4. Building upon 
this framework, a free standing nanoporous PS-b-PMMA monolith was fabricated inside a quartz 
capillary and characterized based on the transport properties of ions and molecules inside the 
nanochannels. The incorporation of a free-standing PS-b-PMMA monolith inside a capillary has 
never before been reported, as the majority of work on nanofabrication of patterns, including 
applications, was demonstrated on thin films supported by substrates. The work described in this 
thesis was largely motivated by the increasing importance nano-patterned materials are gaining 
for various applications like templates for synthesis of other nanomaterials (nanodots, nanowires 
etc), as separation membranes, catalyst supports and micro- nano- fluidic channels. The 
fabrication and characterization of the free-standing PS-b-PMMA monoliths was accomplished 
with a view to adapting such a system for potential chromatographic separation columns.  
 
 1.1 Top-down approach for the fabrication of sub-micron scale patterns in 
commercial homopolymers 
 
A top-down approach for the fabrication of sub-micron to nanoscale structures involves 
reduction in size of larger structures to nanoscale patterns without any atomic level control. The 
most common top-down approach involves lithographic patterning techniques such as optical 
lithography including UV, deep UV and extreme UV, and X-rays.5  Some of the unconventional 
lithographic techniques employ high energy particles such as electron and ion beams 6, 7 and 
electrically neutral metastable atoms8, 9 to form high resolution patterns in appropriate resist 
films and planar substrates.10   Pattern formation using scanning probes,11, 12 soft13 and 
nanoimprint lithography14-16 have been shown to produce high resolution features that cannot be 
realized with conventional optical lithography which is largely limited by diffraction of light. 
The latter techniques, collectively known as micromachining, are a class of top-down fabrication 
routes for producing features in the 1-100 nm regime, in at least one of its dimensions.10, 17  
Conventional optical projection lithography generally employs visible or UV light to 
expose a photoresist coated substrate by projecting an image of a pattern, through a photomask, 
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onto the photoresist film.5, 10 The radiation alters the physical or chemical properties of the 
exposed areas of the photoresist, such as its solubility, so that the exposed areas become more 
soluble than the unexposed areas. In the development stage the soluble areas can be removed 
yielding a pattern of the photomask on the film.  The spatial resolution obtained by this method 
is frequently limited by the chemical development step, the quality of the photomask employed 
and by diffraction of light from the mask. The resolution is governed by (R = kλ/NA) where λ is 
the wavelength of light used, NA (nsinθ) the numerical aperture and k a process dependent 
parameter between 0.4-1).10 Therefore, high resolution of structures formed in the resist can be 
achieved by shorter wavelengths. Over the years feature sizes produced by optical lithography 
have shrunk to <250 nm with progressively shorter wavelengths. However, this required 
optimization of suitable photoresist, light source, optical lens system to deal with shorter 
wavelengths in the UV, deep UV and EUV (extreme ultra violet ~10nm) regions of the 
spectrum. For instance, DNQ-based photoresists can handle UV wavelengths of 365nm or 
436nm but are not suitable for use at wavelengths ca.250 nm (deep-UV). Extensive research has 
been done in photoresist technology for use with UV, deep UV and much shorter wavelength 
sources for optical projection lithography.5 Smaller features in the sub-micron and nanoscale 
regime can be formed using X-ray or electron beam lithographic techniques. In fact, sub-50 nm 
resolution features have been obtained using electron beam 7, 18 and x-ray lithography.19, 20 
However these techniques require specialized photoresists that are sensitive to each radiation 
source, optimized mask structures and sophisticated instrumentation. In contrast to optical 
lithography, two-photon induced photopolymerization in a liquid resin is capable of producing 
3D structures at sub-diffraction limit resolution.21-26 Two-photon induced photopolymerization 
involves irradiating a liquid resin with a high power pulsed laser source. Since the two-photon 
absorption rate depends quadratically on the incident light intensity, excitation is confined to a 
sub-micron focal volume. This means photopolymerization within the resin occurs only at this 
focal volume. Scanning this focal volume through the resin according to a predetermined pattern 
causes the resin to harden in the scanned regions. The unreacted liquid resin is removed to 
produce a 3D structure of the scanned region. Two-photon induced in-situ polymerization has 
been widely used to make arbitrary 3D structures with high spatial resolution, down to 120 nm in 
one study.22 Photonic crystals 27 and micro devices 28, 29 have been fabricated using this 
technique. However, commercial positive-tone resists used for multiphoton-induced lithography 
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24, 25 can be gradually exposed if used in the presence of light and subsequently may detach from 
substrates when immersed under liquids.30   
Imprint lithography 16 and micromoulding in capillaries 31 have been used to fabricate 
nano- and micro- structures, respectively, in polymeric materials. Using imprint lithography, a 
minimum feature size of 25nm and a period of 70 nm have been fabricated in > 100 nm thick 
PMMA films.15 This study employed a SiO2 mold, with lateral feature sizes of 25nm formed by 
electron beam lithography. The patterned SiO2 mold was pressed into a PMMA resist which 
creates a thickness contrast pattern in the resist. The resist in the compressed regions was 
removed via anisotropic etching to form the final features (see figure 1.1 (a) and (b)). 
 
 
 
            (a)           (b)    
 
Figure 1.1 Schematic of the nanoimprint lithography process (b) SEM micrograph of a 
perspective view of strips formed by nanoimprinting into a PMMA film, 70 nm wide, 
200nm tall, surface roughness of <3 nm. Reprinted with permission from ref [15]. 
Copyright 1996, The American Association for the Advancement of Science.      
 
The aforementioned methods depend on a secondary development step to realize the final 
patterns. Some of them even require additives in the resin to enhance multiphoton absorption and 
chemical development procedures to remove the unexposed regions. This can alter the resolution 
of patterns formed leading to feature broadening, or modify the surface chemical properties of 
the features.  
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Laser ablation is yet another technique employed to pattern materials on the micro scale 
dimension.4, 32-34 Laser ablation of polymers dates way back to 1982 when it was first reported.35, 
36 It is the removal of material from the polymer surface using a high energy radiation source. 
Early studies typically focused on ablation rates and investigation of ablation products rather 
than fabricating nanoscale structures in polymer films.37-42  Polymers based on both commercial 
pure polymers and those specially designed to maximize ablation rates and doped polymers were 
used in numerous laser ablation studies at shorter wavelengths.37 Commercial polymers 
extensively studied include polyimide (PI), poly-methyl methacrylate (PMMA), 
polyethylenterephthalate (PET) and Teflon (PTFE) and were typically ablated at wavelengths < 
350 nm.37 Polymers whose ablation properties were less well studied include, but not limited to, 
polyethylene glycol, polyethylene, polycarbonates and conducting polymers such as poly-
thiophenes, polypyrroles and poly-aniline.37 Current studies are largely motivated by the range of 
materials that can be ablated at high efficiencies in order to pattern them on a micron and sub-
micron scale for various functional devices. This also led to the use of various laser sources 
emitting from pulsed UV, visible to near-IR for use with commercial neat and doped polymers 
for ablation studies. In the vast majority of such studies, especially those performed with laser 
wavelengths outside the polymer absorption spectrum, dyes were added to the films to enhance 
absorption of the laser light and to assist ablation.37, 40  
Ablative multiphoton etching using a tightly focused near-IR light from a mode-locked 
Ti:sapphire laser source at 870 nm was used by Higgins and Ito et al to fabricate sub 
micrometer-sized arbitrary patterns in thin films of neat poly-methyl methacrylate (PMMA) 
without the use of a photomask (see figure 1.1(a)).33, 43 This method employed computer 
software which controlled scanning of the sample across the laser beam according to 
predetermined patterns fed into the computer. The non-linear nature of the multiphoton etching 
which resulted in high lateral resolution features in the PMMA film was demonstrated in these 
studies. This method was adopted by Higgins and Ito et al to fabricate functional devices in 
PMMA films, such as microdisk electrodes33 and electrically switchable liquid-crystal based 
diffractive optics43 (See figure 1.2). The distinct advantage of the ablative multiphoton direct-
write method over previously reported methods is that it allows for resolution on the order of 
120nm to be achieved without the use of any additives to assist ablation or subsequent chemical 
development steps to realize the final features.33, 43 Although laser-based lithography had been 
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demonstrated previously in PMMA films, the structures produced were tens of micrometers in 
size and required thermal annealing to smooth out rough edges.44 The direct-write technique is 
suitable for fabricating chemical sensor arrays, optical devices and micro- /nanofluidics 
devices,45 since desired patterns can be generated, fed to the computer and “written” directly 
onto the polymer material without the use of photomasks or chemical developers. Films etched 
in this manner were shown to be stable under aqueous solution.33 The use of this technique to 
etch submicron scale features, with high resolution, on commercial homopolymers is described 
in detail in chapter 3.    
 
 (a)                                           (b) 
 
       (c)         
Figure 1.2 (a) Topography and deflection mode AFM images of a  50 x 50 μm2 etched area 
in a 160-nm thick PMMA film(top) line profile across the etched image (bottom). (b) 
Recessed disk microelectrode etched in a PMMA film. Reprinted with permission from ref 
[33]. Copyright 2006, American Institute of Physics (c) Polarization-dependent MPEFM 
images (20 μm x 20 μm) of a polymer/LC composite grating with a 5 μm spacing. Reprinted 
with permission from ref [43]. Copyright 2007, Wiley-VCH Verlag GmbH & Co. KGaA. 
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 1.2 Bottom-up approach for fabrication of nanoscale structures in commercial block 
copolymers 
 
Bottom-up fabrication refers to building up or self assembly of a material from its 
constituents such as atoms or molecules, such as when polymers are formed from monomeric 
units or when polypeptides fold into functional proteins. Self-assembly is considered a radically 
different approach to fabrication of nanostructures that almost always falls within the dimensions 
defined by nanotechnology, which is 1-100 nm. Because the final structure obtained via self 
assembly is close to thermodynamic equilibrium and in its state of lowest free energy, they tend 
to reject defects.46 Examples of structures fabricated via self assembly include self assembled 
monolayers (SAMs),47 mesoporous materials with aggregates of surfactant as templates,48-50 
phase separated block copolymers (BCPs)51-53 and aggregated meso-scale objects.54 These 
examples illustrate the capability of self-assembly as a strategy for fabrication of nanoscale 
structures.    
Among the systems that can self assemble into nanostructures, surfactant-templated 
mesoporous materials and the self assembly of phase separated block copolymers (BCPs) have 
gained enormous interest among researchers. As such, a brief description will be devoted to the 
surfactant-templated route to form nanostructures followed by a thorough discussion on the self 
assembly of block copolymers that form nanoscale domains. The latter method is the foundation 
of the work described herein. 
Surfactant-templated mesoporous structures rely on the self assembly of surfactant 
molecules at a solid-liquid interface which can form nanoscale tubular structures. The so formed 
tubular templates can be used for the templated polymerization/calcination of silica 48, 49, 55 or 
aluminosilicates50 between the ordered surfactant micelles. The long range ordering of the 
surfactant molecules leads to arrays of channels with nano dimensions in the silica film. 
Furthermore, the porous structure can be formed in a wide range of morphologies though with a 
larger distribution of pore sizes.  Mesoporous inorganic materials formed using this methodology 
find potential applications in catalysis,56 separation,57 chemical/biological sensor arrays,58 
templates for nanowire synthesis59 and optoelectronic devices.60 However, BCP precursors by far 
are easier to process and require fewer steps for the fabrication of well ordered nanostructures.   
 
10 
 
 1.2.1 Block Copolymer (BCP) Self-Assembly 
 
BCPs are a class of materials that phase separate, due to the chemical incompatibility of 
the monomeric segments, into nanodomains within the bulk segment. Generating porous 
membranes from block copolymers goes back in time to the 1980s when it was first 
demonstrated by Lee at al. in 1988 using a triblock copolymer.61  They showed the formation of 
a lamellar morphology of poly (4-vinylphenyl-dimethyl-2-propoxysilane)-b-polyisoprene-b-poly 
(4-vinylphenyl-dimethyl-2-propoxysilane) (PPS-PI-PPS) triblock copolymer film. The porous 
structure was generated after degrading the minor PI component via ozonolysis/methanol. They 
employed the same tri block copolymer to form porous structures with different morphologies as 
verified by SEM and TEM imaging.62 The presence of residual functional groups was indicated 
by these authors with a potential for functionalizing these groups. The pioneering work done by 
Lee at al fuelled research in the area of block copolymer precursors for the generation of 
nanoporous structures.63-68 The potential to use nanoporous films derived from block copolymers 
as lithographic templates was first demonstrated by Mansky et al when they succeeded in 
orienting the cylindrical domains perpendicular to the underlying substrate.65 This orientation is 
crucial for templating applications. Thin films of polystyrene-polybutadiene (PS-PBD) with 
vertically oriented PBD domains were prepared and the PBD component degraded via 
ozonolysis to generate a well-ordered porous template. Ever since then researchers began 
harnessing the patterns produced by the self-assembly of block copolymer systems as 
lithographic templates.69-72 Driven by this promising application and possible new ones, a vast 
amount of research has been devoted to studying the self assembly of block copolymers in terms 
of its chemistry and thermodynamics. In view of this, it is not surprising that BCPs fall into the 
category of nanomaterials that are well-explored and documented.1, 2, 73-75 The majority of such 
work was driven by the potential applications of block copolymer templates as chemical 
sensors,76 heterogeneous catalysis,77 separation membranes,78-80 and lithographic templates for 
the synthesis of nanomaterials of desired size and shapes.81-83 The rest of this section will 
describe what makes BCP precursors unique, yet simple and well-suited to generate nanoscale 
porous structures.  Following the general description of BCP systems, background research on 
the well-studied polystyrene-poly (methylmethacrylate)(PS-b-PMMA) diblock copolymer 
system will be described in terms of its fabrication, characterization of physical aspects and 
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applications. This will serve to justify the extensive investigation of the PS-PMMA system for 
the bottom-up fabrication of nanoscale domains in thin films and free-standing monolith with 
characterization of UV treated nanoporous PS-b-PMMA being the core focus.  
 
 1.2.2 Properties of Block Copolymer thin films 
 
Block copolymers are polymers with two or more chemically distinct polymer fragments 
connected together in a long chain (figure 1.3). Owing to chemical and physical incompatibility 
these polymer segments are often immiscible and thus phase separate into domains rich in one 
phase within the bulk rich in the other phase. The resulting morphology depends largely on the 
relative volume fraction of each component. For instance, if the volume fraction of the minor 
segment is 0.3, it can phase separate into cylindrical domains within the major segment (see 
figure 1.4) in thin films. Some of the more commonly seen morphologies for diblock copolymers 
are vertical cylinders (figure 1.4(a) & (b)), lamellae (figure 1.4 (c) & (d)) and spheres. Triblock 
copolymers, with three chemically distinct polymer fragments, introduce additional building 
blocks hence more complex morphologies. The uniform domain size of BCPs is basically 
determined by the total molecular weight of the polymer and is continuously tunable from a few 
to several hundred nanometers by simply using polymers with different molecular weights. The 
uniform domain size is a signature of block copolymer materials. The phase separation behavior 
of BCPs is different in bulk/melt state from that in thin films of the polymer. Thin films of BCPs 
can be easily fabricated by spin casting from solutions of the polymer onto different substrates, 
commonly gold or silicon substrates. The thickness of such films can be easily controlled by the 
spin speed and/or polymer solution concentration. The orientation of nanodomains (parallel or 
perpendicular to an underlying substrate) in thin films is largely governed by the wetting 
properties of each chemically distinct segment of the BCP at the polymer/substrate and 
polymer/free surface interfaces. Interfaces have the strongest influence when the thickness of the 
BCP film is comparable to the microdomain spacing (ca.10-50 nm thick). Preferential wetting of 
one fragment in a BCP at an interface leads to horizontal domain orientation, such as when 
PMMA is cast on a silicon wafer in a PS-PMMA block copolymer preferential wetting of 
PMMA results in horizontal domain alignment at the polymer-free surface interface (figure 
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1.4(c)). This is because PMMA is more hydrophilic than PS hence preferentially wets the 
oxidized silicon surface. Films much thinner than the domain spacing often exhibit very little or 
no microdomains since all polymeric material is used to wet the interfaces. The microdomain 
orientation governed by the interfaces is thus not typically desirable for templating and most 
other applications.  Various methods have been employed to control the orientation of the 
microdomains in thin films of BCP so that domains orient themselves perpendicular to an 
underlying substrate. Indeed the arrangement of microdomains in this manner makes more sense 
for nanolithographic and separation applications as opposed to horizontal orientation of domains. 
One of the common approaches adopted is the chemical tailoring of substrates, via self-
assembled monolayers or random copolymer brush layers, to neutralize the surface in order to 
balance the affinities of both BCP fragments at the BCP-substrate interface.84-86 In the absence of 
preferential wetting, domains orient vertically to the underlying substrate. Vertical orientation 
control is also achieved via non-chemical means such as optimizing film thickness87 so that 
interfacial effects are minimal, control of solvent-evaporation conditions,88 addition of 
homopolymers,89 use of rough substrates90 and electric field application during annealing.91 The 
methods to control domain orientation to suit a particular practical application are numerous and 
a discipline in its own right.   
 
 
 
Figure 1.3 Chemical structure of PS-b-PMMA diblock copolymer. 
 
Microphase separation into domains of the minor segment within the matrix of the major 
segment and its subsequent orientation although thermodynamically favored, is not a 
spontaneous process that occurs at room temperature. To overcome the kinetic barrier and to 
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form cylindrical domains, BCP films are usually annealed at high temperatures, above the glass 
transition temperature of the BCP, under an inert atmosphere. In order for self-assembled BCPs 
to find uses in functional devices or as lithographic templates, the minor phase that forms the 
microdomains has to be removed from the major phase that forms the matrix. This elimination 
results in an array of nanopores with uniform dimensions of a few to tens of nanometers. This is 
the functional form of the self-assembled BCP that finds uses in various applications. Removal 
of the minor phase is usually executed via chemical etching, UV irradiation or thermal treatment 
depending on the BCP system under study. The choice of the matrix or the major phase that is 
left over after removal of the minor component is crucial since it has to be mechanically stable to 
support the resulting porous structure. A weak matrix may collapse when the nanopores are 
formed. The majority of BCP systems require a wet chemical etching process to degrade the 
minor phase usually via hydrolysis.92-96 Regardless of the method used for removing the minor 
phase, the surface chemistry of the nanoporous walls is distinctly modified after the etching 
process. The type of functional groups lining the inner walls of the nanoporous domains depends 
on the BCP system and the etching process. In polystyrene-polydimethylacrylamide-polylactide 
(PS-PDMA-PLA) triblock copolymer the PLA cylinders were selectively etched followed by 
hydrolysis of the PDMA brush lining the nanopores.93 The hydrolysis introduced carboxylic 
groups on the pore surface which were then functionalized with different chemical groups to 
yield functionalized nanoporous materials.93 The unique functionalities introduced during the 
etching process is crucial for applications that rely on chemical interactions with the pore surface 
such as specific/non specific adsorption in affinity based separations, interfacial chemical 
processes for catalysis, and selective transport of ions. The ability to functionalize the inner pore 
surface is a unique feature of block copolymer nanoporous materials which their inorganic 
counterparts (e.g. zeolites) donot possess inherently.     
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Figure 1.4 Schematic of a PS-b-PMMA phase separated block copolymer film a) showing 
vertical PMMA domain orientation to an underlying substrate and after removal of the 
PMMA domains b) AFM image showing surface topography of a vertically oriented PS-b-
PMMA film c) horizontal orientation of PMMA cylinders d) AFM image showing surface 
topography of horizontally oriented PMMA domains. 
 
 
 1.2.3 Polystyrene-poly (methylmethacrylate)(PS-b-PMMA) diblock copolymer thin 
films 
 Background 
Among block copolymer systems, PS-b-PMMA has been widely used to fabricate 
nanostructured materials78, 79, 81-83, 97-99 because these materials can be fabricated using well-
established procedures for selectively etching the PMMA domains.71 The self-assembly of 
cylinder forming PS-b-PMMA, where the PMMA domains were oriented perpendicular to an 
underlying substrate, was first demonstrated by Thurn-Albrecht et al in 2000.71 In these systems, 
PMMA usually forms the minor phase if its volume fraction is 0.3 compared to PS. They 
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demonstrated that nanopores were easily formed via exposure of the PS-b-PMMA thin films to 
UV radiation at 254 nm and subsequent acetic acid treatment to rinse away the degraded PMMA 
debris. This treatment transformed the PS-b-PMMA BCP into a nanoporous template with arrays 
of vertically aligned void cylinders. PS-PMMA is the only block copolymer system that requires 
UV radiation to form the nanoporous structure. Furthermore, degradation of PMMA and 
crosslinking of the PS occur in a single exposure step making the resulting PS matrix 
mechanically and chemically stable. Most other BCPs require heat treatment coupled with 
hydrolysis with strong acids or bases to generate the nanoporous system. Other cylinder forming 
block copolymer systems, such as polystyrene-polylactide (PS-PLA), polystyrene-
polydimethylacrylamide-polylactide (PS-PDMA-PLA) and polystyrene-polyimide-polylactide 
(PS-PI-PLA) where the polylactide (PLA) forms the etchable domain, require hydrolysis for 
domain etching. The resulting PS matrix was not however cross-linked in these studies as in the 
case of UV/acetic acid etched PS-b-PMMA block copolymer films. Not cross-linking the PS 
matrix might make the nanoporous structure thermally unstable at elevated temperatures.100  In 
addition to demonstrating the vertical alignment of cylinder forming PS-b-PMMA, Thurn-
Albrecht et al also showed the use of vertically-aligned PS-b-PMMA as a nanoporous template 
for the fabrication of cobalt nanowires.97 The nanowires grown within the templates had 
dimensions of the void cylindrical domains in the template: length of 500 nm and diameter of 14 
nm.97 Kim et al. from the same group also showed that silicon dioxide pillars, having a height of 
6 nm and a diameter of 20 nm could be grown inside thin nanoporous PS-b-PMMA templates.101 
Guarini et al. demonstrated the deposition of gold nanodot arrays onto a nanoporous PS-b-
PMMA block copolymer template.87 Truly nanoscale materials (1-100nm) were synthesized 
using PS-PMMA block copolymer technology.  These pioneering studies with PS-b-PMMA 
system spurred interest in research to explore new potential for nanoporous PS-b-PMMA block 
copolymer thin films other than its use as nanolithographic templates. Motivated by the 
effectiveness of the PS-b-PMMA nanoporous system current research has largely focused on two 
areas: a) demonstrations of the utility and versatility of nanoporous PS-b-PMMA b) optimizing 
orientation and domain sizes of the nanoscale cylinders in thin films. Optimization studies 
encompassed the influence of film thickness and PS-b-PMMA molecular weight on domain 
orientation and pore size distribution, respectively. Independent studies conducted by Xu et al 
102and Guarini et al 103 shed light on the optimum conditions of film thickness and molecular 
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weight that resulted in nicely ordered PMMA nanodomains in thin films of PS-b-PMMA. They 
also demonstrated that thicker films and larger molecular weights required the use of an electric 
field for long range vertical domain alignment. Another study conducted by Jeong et al. involved 
the use of a PMMA homopolymer to tune the pore sizes to values much lower than that dictated 
by the molecular weight of the pure PS-b-PMMA films.104 Progress was also shown in the 
direction of reducing the number of steps involved in generating the nanoscale structures in PS-
b-PMMA films. Xu et al described a procedure whereby vertically oriented PS-b-PMMA films 
were treated with acetic acid/water mixture without first exposing it to UV radiation according 
previous protocol.105 Pores are generated within the PS matrix via selective dissolution of the 
PMMA domains drawn to the surface. Via TEM imaging they showed that the pores extended 
deep into the film. Another study reported by Asakawa et al. employed dry etching techniques, 
such as reactive ion etching, to etch out the minor PMMA domains to generate the nanoporous 
structure.106 Given the numerous alternative strategies developed for generating nanoscale 
structures from the same precursor PS-b-PMMA block copolymer, it is to be expected that 
characterization largely focused on how well the domains were oriented or to assess the extent of 
removal of the minor phase. There is a scarcity of research devoted to the in-depth chemical 
characterization of the surface of the PS matrix after removal of the PMMA domains. Indeed, 
UV exposed PS-b-PMMA nanoporous films are chemically different from non exposed films 
because UV irradiation chemically modifies the surface resulting in a high surface free energy. 
This is largely due to the introduction of oxygen containing groups upon UV irradiation. 
Chemical characterization was done using macroscopic techniques such as IR or XPS that 
identified chemical groups introduced post etching.93, 107 Even less is known about the chemical 
groups introduced in PS-b-PMMA systems after UV/Argon irradiation. The surface chemical 
properties of the inner walls of the cylindrical nanopores formed in UV treated PS-b-PMMA thin 
films was characterized via cyclic voltammetry (CV) and IR in previous projects conducted by 
the Ito group.76, 79, 108  In these studies, the cylindrical PMMA domains in a thin PS-b-PMMA 
film were aligned vertically to an underlying gold electrode under optimized annealing 
conditions,109 and etched via the well-established UV/AcOH treatment.110  CV on a polymer-
coated electrode measures redox-active molecules that penetrate through the nanopores to an 
underlying electrode.111, 112.  The presence of -COOH groups lining the pore walls was shown, 
which could not be detected using infrared spectroscopy,82, 108 through pH-dependent CV 
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measurements of charged and uncharged redox molecules.108  In addition, the control of the 
charge76 and protein adsorptivity79 of the nanopore surface via 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide-mediated amidation of the surface -COOH groups was also 
demonstrated.  However, CV cannot be used to assess the surface chemistry of the unetched PS 
matrix since characterization was limited to probing the functional groups inside the cylindrical 
pores. Nevertheless, the surface properties of both the domains may need to be controlled for 
efficient templating and chemical separation applications using the PS-b-PMMA system. 
Therefore, investigating the surface chemical properties, on the nanoscale resolution, of the 
etched domains and the remaining PS matrix was one of the prime objectives of this project.    
 
 
18 
 
 
Chapter 2 - Review of Analytical Techniques used in the 
Characterization of Nanoscale Structures  
 Introduction 
 
In this chapter, the main analytical techniques used for characterization of the structures 
produced in polymer films are discussed. A general description of the technique, along with its 
theoretical concepts, is given followed by their relevance to the work described in this thesis. 
Surface imaging using Atomic Force Microscopy (AFM) was extensively used throughout the 
research for topographic studies of the nanoscale structures produced by both top down (via 
multiphoton lithography) and bottom up (via self assembly of block copolymers) approaches. 
The top down fabrication of nano structures relied entirely upon AFM for in depth 
characterization of the structures formed in the polymers. While AFM using unmodified tips 
gave contrast in images due to purely topographic effects, AFM involving chemically modified 
tips, termed Chemical Force Microscopy (CFM), shed light on the surface chemical composition 
of ultra violet (UV)/acetic acid etched PS-b-PMMA films. Contact angle goniometry was 
another complementary analytical tool used for rapid characterization of surface chemical 
properties after various modifications to underlying substrates and polymer films. Finally, to 
characterize the transport properties of PS-b-PMMA monolithic structures, techniques based on 
cyclic voltammetry and fluorescence spectroscopy were used to measure ionic conductance and 
flux respectively.  
 
 2.1 Contact Angle Goniometry 
 
Contact angle goniometry is a technique that allows the measurement of the angle formed 
by a drop of liquid at the point where the solid, liquid and vapor phases intersect (Figure 2.1). 
According to Young’s equation, which defines the balance of forces caused by a drop of liquid 
on a solid surface, the contact angle (θ) is a function of the interfacial energies of the three 
phases113 : 
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LVSLSV γγγθ /)(cos −=       Eq. 2-1 
 
where γSV ,  γSL, and  γLV  are the interfacial free energies between the solid and the vapor, the solid 
and the liquid, and the liquid and vapor, respectively. Contact angle measurements analyze the 
outermost 0.5 nm of a material114.  This means that information about the interfacial surface free 
energy of a solid/liquid interface, hence its wetting properties,  can be assessed by measuring the 
contact angle formed by a liquid in contact with the solid surface.    
 
 
Figure 2.1 Graphical representation of contact angle between a liquid drop on a solid 
surface. γSV ,  γSL, and  γLV   , the interfacial free energies of solid/vapor, solid/liquid and 
liquid/vapor interfaces. 
 
The wetting property of a solid is determined by a balance of the adhesion and cohesion forces 
which determine the interfacial surface energies113, 115. For instance, the molecules within the 
liquid bulk are attracted equally from all directions, but those at the liquid/vapor interface 
experience unequal forces and are pulled toward the center of the liquid. The net attractive force 
between the liquid molecules, known as the cohesive force, causes the liquid drop to maintain 
the smallest possible exposed area because it is thermodynamically more stable. If adhesive 
forces between the molecules of the liquid and solid overcome the cohesive forces, the liquid 
drop spreads out on the solid to assume a thermodynamically stable state with lower energy. In 
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this case according to Eq.2-1 ,  γSL solid/liquid is very small compared to the interfacial energies 
between solid/vapor and liquid/vapor and θ is small. On the other hand if cohesive forces are 
large compared to the adhesive force molecules of the liquid tend to keep to themselves and 
assume the shape of a sphere with large θ values. A highly polar surface possesses a large 
surface free energy which can overcome the cohesive forces of a liquid and cause it to spread 
out. In contrast low surface energy substrates cannot overcome this force and display poor 
wetting properties. In general if θ < 90o the surface is sufficiently polar or hydrophilic and is wet 
by the probing liquid and if θ > 90o the surface is hydrophobic (low surface energy) and the 
liquid does not wet the surface.  
 The contact angles of PS-b-PMMA films were measured before and after UV/acetic acid 
treatment, which was necessary to form the nanoporous structures, to assess the change in the 
surface energy of the PS-b-PMMA film after the treatment.  The UV treatment introduces 
oxygen containing groups which make the otherwise hydrophobic surface very polar.  The 
change in the measured contact angle, θ from a larger value (80o) to < 50o indicated the presence 
of polar groups on the nanoporous PS-b-PMMA film.  
 
 2.2 Atomic Force Microscopy  
 
Atomic Force Microscopy (AFM) is a high-resolution surface imaging technique 
whereby a very sharp probe precisely maps the topography of a surface during raster scanning of 
the surface. The probe is brought into very close proximity to the surface (within ca. 1 nm) by 
microscopic movements of a piezoelectric actuator under an applied voltage.   This close 
proximity invokes a multitude of interactive forces between the tip apex and the sample surface, 
ranging from adhesion, electrostatic, van der waals, capillary and repulsive forces depending on 
the tip-sample distance116. It is these nanoscale interaction forces that are measured by the atomic 
“force” microscopy as deflections of the cantilever bearing the probe, with a sensitivity on the 
order of  10-12 N117-119.   
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Figure 2.2 Schematic diagram of the AFM showing the basic components. Reprinted with 
permission from ref [120]. Copyright 2010, Elsevier. 
 
Figure 2.2 shows a typical AFM setup with the force measuring deflection system and the 
detector120. The set up consists of three essential components: a) a sharp tip, typically made from 
Si or silicon nitride having a pyramidal shape (radius of curvature ~10-100 nm), mounted on the 
end of a flexible force sensing microcantilever, b) a force transducer, which is the cantilever with 
a laser beam bouncing off the backside of the cantilever onto a multiple segment photodiode 
called the position sensitive diode, c) A piezoelectric scanner precisely positions the tip and 
scans the sample relative to the tip in the x, y, z directions. By scanning the probe over the 
surface (or the sample under the probe) the forces of interaction between the tip and the sample 
are measured as deflections in the cantilever which are translated into motions of the laser beam 
over the position sensitive diode. In constant force mode, which measures the local height of the 
sample, the feedback loop holds the force on the cantilever constant by adjusting the vertical 
extension of the piezo during the scan. Three dimensional topographical maps of the surface are 
thus constructed from the piezo’s vertical adjustment as a function of the horizontal tip position. 
In constant height mode, the tip surface distance is held constant during scanning and the 
interaction force is measured as deflections in the cantilever according to Hooke’s law – Δ z = 
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ΔF/ k where Δ z is the deflection in the cantilever caused by the interaction force ΔF and k is the 
spring constant of the cantilever.  
In contact-mode AFM the probe is in mechanical contact with the sample surface 
throughout the scanning. The interactive forces generally present in contact mode are adhesion 
force dominated by van der waals forces, capillary force and electrostatic repulsion force. As 
described above the interaction force is held constant by adjusting the tip to sample distance by 
the feedback electronics121. In tapping-mode AFM a stiff cantilever is oscillated very close to the 
sample at its resonance frequency. Detection is based on measuring changes in the amplitude of 
the cantilever when the tip intermittently taps the surface due to attractive forces. The feedback 
adjusts the vertical height of the piezo scanner to maintain a constant oscillation amplitude of the 
cantilever. The changes in the vertical piezo extension are plotted as a function of the x, y 
position of the tip on the sample to generate the topographic image.  
Tapping mode AFM was used in this work for imaging the surface topography of 
nanostructures made from self assembly of the PS-b-PMMA diblock copolymer to study the 
PMMA domain alignment. The PMMA domains were imaged at high lateral resolution which 
allowed the determination of the domain size from topography images. The micrometer scale 
structures formed in commercial polymers via the top down lithography method were imaged 
using contact-mode AFM over a much larger scanning area (100 μm). 
 
 2.3 Chemical Force Microscopy 
 
Chemical Force Microscopy (CFM) is an offshoot of AFM that utilizes AFM tips 
modified with very specific tip functionality to probe surface chemical heterogeneities on 
surfaces under near native conditions. The operating principles are very similar to that described 
in the preceding section on AFM. Chemical discrimination, using chemically modified AFM tips 
such as shown in figure 2.3120, is based on the differences in magnitude of interactive forces that 
operate between functional groups immobilized on the tip and those on the surface. Therefore, it 
is possible via chemical modification with specific functional groups to enhance a specific 
intermolecular interaction (H-bonding, van der vaals, electrostatic, hydrophobic) and suppress 
interfering interactions, leading to selectively probing surface functional groups of interest at 
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micro- to nanoscale regions120. The unique advantage of using CFM for mapping surface 
chemical heterogeneities, as opposed to macroscopic surface techniques such as XPS, contact 
angle goniometry and Tof SIMS, is its sub-nm spatial resolution.  In principle a resolution of ~10 
nm can be achieved with very sharp AFM probes122. CFM is typically employed in the force-
distance spectroscopy mode to measure adhesion forces between tip and sample and in the lateral 
force microscopy mode to measure frictional forces, while simultaneously tracing the surface 
topography.  
 
 
 
 
Figure 2.3 Chemically-functionalized AFM tip commonly employed in CFM, (R – COOH,-
OH, -NH2, -CH3 etc). Reprinted with permission from ref [120]. Copyright 2010, Elsevier. 
 
  2.3.1 Force-distance spectroscopy  
Force-distance spectroscopy is a procedure used with the typical AFM set-up to measure 
the adhesion force between a chemically modified tip (in the context of CFM) and the surface 
when the tip is brought into contact and then pulled away from the surface. The adhesion force is 
measured as a deflection of the cantilever when the tip is pulled away from the surface. This 
mode can be used to measure long range attractive or repulsive forces between probe and 
sample. Figure 2.3120 shows a typical force-distance curve which plots the vertical displacement 
of the cantilever as a function of the separation distance between the tip and sample.    
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 Figure 2.4 Schematic of a force-distance curve -(a) tip approaching surface (b) tip 
jumps into contact (c) tip indents into sample (d)  tip breaks contact with the surface when 
the spring constant overcomes the adhesion force between tip and sample (e) tip moving 
away from the surface to its equilibrium position. Reprinted with permission from ref 
[120]. Copyright 2010, Elsevier. 
 
 
The cantilever deflection (Δz) at the point of breaking contact with the surface is 
converted into the adhesion force (Fa) by multiplying with the spring constant of the cantilever 
(k) , since Fa = k Δz. The adhesion force is commonly referred to as the “pull-off” force since it 
is the amount of work that has to be done to “pull” the tip away from the surface.  The force of 
adhesion (Fa) is related to the work of adhesion Wad  needed  to rupture the tip and sample 
contact,  by123: 
 
ada WRF π)2/3(=         Eq. 2-2 
 
where R is the radius of curvature of the tip. The work of adhesion Wad is related to the surface 
free energies of the functional groups exposed on the contacting surfaces and the medium in 
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which the tip-sample resides. Hence, the work needed for separating the sample and tip is 
expressed as the balance of interfacial free energies of the tip-liquid  (γtl) sample-liquid (γsl) and  
tip-sample interfaces (γst) given by:  
 
               sttlsladW γγγ −+=                  Eq. 2-3 
 
Contact mechanics theories such as the JKR (adhesive contact) and Hertzian (elastic contact) 
predict that the adhesion force is a function of the tip-sample contact area. This has important 
implications in interpreting adhesion forces between tip and sample for corrugated surfaces, such 
as the etched PS-b-PMMA films made in this work. These surfaces contain µm- to nm-scale 
corrugations and are chemically heterogeneous, and thus any change in tip-surface force in CFM 
can be attributed to changes in tip-surface contact area and/or chemical interactions. This will be 
discussed in chapter 4 section 4.2. Equation 2-3 suggests that by carefully choosing the tip 
functionality, in other words by controlling the surface free energy, and the imaging medium one 
can selectively enhance the magnitude of a particular intermolecular interaction while 
suppressing the others. This becomes particularly important for high contrast friction imaging of 
chemically distinct domains124, 125.  
 CFM in the force-distance spectroscopy mode was used in this research to measure the 
adhesion force between a –COOH  terminated tip and the surface of a UV/acetic acid etched PS-
b-PMMA film to determine the identity of the functional groups present on the surface. Details 
of the measurement and data analysis are discussed in detail in the relevant chapter.  
2.3.2 Lateral Force Microscopy  
Lateral Force Microscopy, (LFM) is yet another technique based on AFM to perform 
chemically sensitive imaging by measuring lateral forces or more commonly friction forces 
between the tip and sample. This is done by measuring the torsional deflection of the cantilever 
when the substrate is scanned perpendicular to the long axis of the cantilever (see figure 2.5). 
This manner of scanning increases the sensitivity of the friction force measurements. The friction 
force at the tip and sample is related to the lateral twist of the cantilever around its long axis and 
the torsional spring constant. LFM is always operated in the contact-mode and more destructive 
than measuring adhesion forces due to the large shear forces between tip and sample during 
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scanning. In spite of this, LFM is ideal for chemically-selective mapping due to its high lateral 
resolution of 10-30 nm122. The magnitude of friction force, and thus the contrast of friction 
images, can be tailored by the chemical functionalization of an AFM tip on the basis of 
hydrophobic, hydrogen bonding and electrostatic interactions between terminal functional groups 
on tip and substrate.   
 
 
 
Figure 2.5 Torsional deflection of the probe and cantilever during lateral scanning of the 
sample relative to the tip. 
 
 
The 20-nm domains of the UV/acetic acid etched PS-b-PMMA films was imaged in the 
friction force mode, in an apolar medium, using chemically modified tips with different surface 
energies to enhance chemical contrast between the PS and PMMA domains.  
Whether in the force-distance spectroscopy mode or friction force mode, CFM has the 
unique advantage of high spatial resolution, limited only by the range of operating forces or by 
the sharpness of the probe tip, compared to the lateral resolutions of other surface 
characterization techniques122 listed in table 2.1. This justifies our extensive use of AFM and 
related techniques outlined above, for topography and chemically sensitive imaging of the 
nanoscale structures formed in the polymers. 
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Table 2.1 Common surface characterization techniques and their lateral resolutions.  
 
 
 2.4 Conductance measurements 
 
Ionic conduction between two electrodes placed in an electrolytic solution, such as KCl, 
is measured by determining the resistance (R) to current flow in solution or its reciprocal, the 
conductance (L). The conductance L of a section of an electrolyte immersed in an electric field is 
a function of the cross-sectional area, A of the section and is inversely proportional to the length 
(l) of the section given by126: 
 
lALceConduc /)(tan κ=         Eq.2-4 
 
where κ is the conductivity in S cm-1 and L is the conductance in units of Siemens (S). The term 
A/l is the cell constant and is used to convert measured conductance values to conductivity of the 
electrolyte solution. The conductivity, κ is an intrinsic property of an electrolyte and represents 
the movements of both the cations and anions present in solution. The conductivity of an 
electrolyte is proportional to the bulk ionic concentration, the magnitude of the cationic and 
anionic charges and the limiting velocities of the ions in an electric field of unit strength (termed 
the “mobility” with units of cm2/Vs).  
 Conductance is related to the resistance in the solution between two electrodes by: 
 
 
R
LceConduc 1)(tan =         Eq.2-5 
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The resistance (R) for a segment of electrolyte in an electric field is directly proportional to its 
length, l along the electric field and inversely proportional to its cross-section area, A 
perpendicular to the field given by: 
 
 
A
lR ρ=           Eq.2-6 
 
and κ(conductivity) = 1/ρ so that Eq.2-6 can be re-written to show the relationship between the 
resistance R and conductivity of a segment of an electrolyte as: 
 
 
A
lR
κ
=            Eq.2-7 
 
The interrelationships between resistance, conductance and conductivity of an electrolyte  
suggest that these parameters can be ascertained by a simple measurement of the current (I) 
through an external circuit when a voltage (V) is applied across the electrodes immersed in an 
electrolyte, since according to Ohm’s law R = V / I . This was one of the characterization tools 
used in the work done in chapter 5, where the conductance of KCl, at different concentrations, 
inside the nanoporous PS-b-PMMA monolith was measured from I-V curves such as the one 
shown in figure 2.6(b) using the set up in figure 2.6(a). The slope of the I-V curve gives the 
reciprocal of the resistance which is the conductance, L. 
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(a) 
 
 
(b) 
 
Figure 2.6 (a) Schematic of the electrochemical cell, b) Typical cyclic Voltammogram (I-V 
curve) obtained with an Ag/AgCl working electrode inside a micropipette filled with a 0.1M 
KCl solution vs. a reference Ag/AgCl electrode placed in the bulk KCl solution. 
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 2.5 Fluorescence Emission Spectroscopy 
 
Fluorescence based detection methods are extremely sensitive and have detection limits 
as low as 10-17 M127. The flux through the PS-b-PMMA nanoporous monoliths described in 
chapter 5 is very low and at any given instance the maximum concentration of the diffusing 
molecules in the receiving cell is < 2 nM. Therefore, given its extreme sensitivity fluorescence 
spectroscopy was an ideal detection method for measuring the concentration of the diffusing dye 
molecules in this work.  
Fluorescence is a two-photon process where the excitation photon, at a shorter 
wavelength, excites a ground-state electron in the fluorescent molecule to a higher energy state 
as shown in figure 2.7. The excited electron relaxes rapidly before coming back to the ground 
state with reemission of light. The energy of the absorbed photon is higher than that of the 
emitted photon due to vibrational relaxation before coming back to the ground state. Hence the 
emitted light is at a longer wavelength than the excitation light which is characteristic of 
fluorescence. It is this very feature that makes fluorescence a very sensitive method for detection 
because one can use light of a particular wavelength and detect fluorescence emission at a longer 
wavelength without any interference from the source light. Furthermore, detection of the 
emission beam is performed at right angles to the excitation beam hence the background from 
the source is further cut down.  
 
 
Figure 2.7 Schematic showing the electronic excitation and vibrational relaxation states of 
a molecule during fluorescence emission. 
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The fluorescence signal (PF) is related to the concentration, C of the molecules by128: 
 
))(303.2( CbKPP oF λε≈         Eq.2-8 
 
where K is a constant dependent on the fluorescence quantum yield, ε(λ) molar absorptivity at 
the excitation wavelength, Po power of the incident light  and b is the path length. PF is a linear 
function of concentration only at low concentrations. The above relationship does not hold true at 
higher concentrations due to reabsorption of the emitted fluorescence by the molecules. The 
concentration of the molecules in the receiving cell was < 2nM in the flux experiment described 
in chapter 5. 
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 Introduction 
 
This chapter describes a top-down approach to fabricate sub-micron scale patterns via 
ablative multiphoton etching of commercial polymer films. A systematic study of the power 
dependence and spatial resolution of ablative multiphoton photolithography in several 
commercial organic polymers having different chemical structures and molecular weights is 
described (see figure 3.1(b)).  These measurements provide important new data on the etching 
mechanism.  They also provide a clear demonstration of the general applicability of the method 
to a variety of polymers and allow for identification of the polymers best suited for use with this 
technique.  Finally, as a further demonstration of its potential applications, the transfer of sub 
micrometer-scale surface features onto polydimethylsiloxane (PDMS) via soft lithography is 
described.34, 129  
One method for improving the resolution of optical photolithography involves the use of 
multiphoton excitation to trigger photochemical or photophysical processes in resist films.23 The 
resolution afforded by this method is governed in part by the diffraction of light.  Under such 
conditions, resolution on the order of 0.61λ / (NA•n1/2) is expected, where λ is the wavelength of 
light employed, NA is the numerical aperture of the objective lens and n is the order of the non-
linearity.  However, the lateral resolution obtained in many studies far exceeds that predicted by 
the diffraction of light alone.33, 130-132 Resolution beyond the diffraction limit is often attributed to 
strong thresholding in the multiphoton-driven chemical and physical mechanisms involved, 
although careful chemical development130 of the exposed resist or the use of additives such as 
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radical quenchers131 is sometimes employed.  As in previous demonstrations of polymer film 
ablation,4 etching is believed to be initiated by multiphoton excitation of chromophores intrinsic 
to the polymer.  Electronic excitation of the polymer results in its depolymerization and 
evaporation from the substrate surface via either photochemical or photothermal processes.4  
 The top-down approach adopted in this work can be used to fabricate arbitrary patterns 
with sub-micron scale resolution in polymer thin films without the use of a photomask, dye 
dopants or chemical development steps.  
 3.1 Experimental 
 3.1.1 Chemicals and Materials 
Poly(methylmethacrylate) (PMMA), poly(ethylene oxide) (PEO) and 
poly(butylmethacrylate) (PBMA) were all purchased from Aldrich.  Polystyrene (PS) was 
obtained from Polymer Source.  Sodium poly[2-(3-thienyl)ethyloxy-4-butylsulfonate] (PTEBS) 
was purchased from American Dye Source.  The molecular weights and glass transition 
temperatures of all polymers employed are summarized in Table 1.  Chlorobenzene was obtained 
from Mallinkrodt Chemical.  All chemicals were used as received.  Glass coverslips (1” x 1”; 
200 µm thick) were purchased from Fisher, and used after cleaning in a Harrick plasma cleaner 
for 5 min.   
3.1.2 Preparation of Polymer Films  
PMMA, PS and PBMA films were prepared by spin-coating (2000 rpm) chlorobenzene 
solutions (1-8 wt%) of these polymers onto glass coverslips.  The polymer concentration was 
selected in each case to give films of a particular thickness. The films were subsequently 
annealed at 120 °C in a vacuum oven for ~12 h.  PEO films were prepared by spin-coating (2000 
rpm) from aqueous solution (0.5 wt%).  PTEBS films were prepared by casting a 1 wt% aqueous 
solution of the polymer onto glass coverslips.  They were subsequently dried at room 
temperature under vacuum for ~2 days.  The thickness of all films was measured using a J. A. 
Woollam alpha-SE spectroscopic ellipsometer.  AFM images of the etched samples yielded very 
similar film thicknesses. Polymer films for UV-Vis measurements were prepared on quartz 
substrates as described above for glass substrates. The thickness of the PTEBS film is likely 
inaccurate because the film was not uniform (prepared by casting an aqueous PTEBS solution 
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and dried). UV-Vis spectra of the films were measured on a Hewlett-Packard HP 8453 UV-vis 
spectrometer, using a quartz substrate as a blank. 
3.1.3 Direct-Write Multiphoton Photolithography 
Experimental Setup 
A polymer-coated coverslip was loaded onto a piezoelectric sample scanning stage, with 
closed-loop x-y feedback control, mounted on an inverted epi-illumination microscope (Figure 
3.1(a)).133  The light source used for etching was a mode-locked Ti:sapphire laser outputting 170 
fs pulses of light centered at 870 nm and having a repetition rate of 76 MHz.  Light from the 
laser was first passed through polarization optics to control the incident power, and then through 
an electronic shutter to control irradiation of the sample.  The light was then reflected by a 
dichroic beam splitter into the back aperture of a 1.3 numerical aperture (NA), 100x oil-
immersion objective.  The objective produced a diffraction limited focused spot of light having 
~570 nm 1/e2 diameter in the polymer film to obtain the intensities necessary for etching.  
Etching was accomplished by raster scanning the polymer film over the focused laser spot (pixel 
size: 100 nm; pixel time: 40 ms; scan rate: 2.5 µm/s).  Irradiation of the sample was controlled 
by a pattern fed into the microscope control software (written in house- by Dr.Daniel A.Higgins) 
via opening and closing of the electronic shutter, allowing for arbitrary patterns to be fabricated 
in the polymer film.  Incident laser powers given below are estimates of the power at the 
objective focus, and were measured outside the microscope, just prior to the dichroic beam 
splitter.    Estimated values of the laser power required for the etching are lower than those used 
in the previous studies by the Higgins et al group33, 43because of differences in the irradiation 
time at each pixel and a recent reconfiguration of the microscope and replacement of the original 
dichroic beam splitter. 
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(a) 
 
 
(b) 
 
 
Figure 3.1 (a) Schematic of the sample scanning confocal microscope used for multiphoton 
photolithography (b) Chemical structures of commercial neat polymers used for 
multiphoton-induced etching. 
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 3.1.4 Pattern Transfer Using PDMS Soft Lithography 
A drop of uncured PDMS (Sylgard 184, Dow Corning) was sandwiched between a glass 
coverslip covered with a patterned PMMA thin film (the mold) and a glass slide coated with a 
trichloro(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)silane (Fluka) self-assembled monolayer.  
The PDMS was subsequently cured at 60 °C for 2 hours.   The glass coverslip was then gently 
removed from the cured PDMS.   
 3.1.5 Atomic Force Microscopy Measurements  
Detailed characterization of the etched samples was performed using contact-mode 
atomic force microscopy (AFM) in air.  A Digital Instruments Multimode AFM with Nanoscope 
IIIa electronics was employed.  Contact-mode pyramidal AFM tips were purchased from Veeco.   
 
 3.2 Results and Discussion 
 3.2.1 Pattern Formation via Direct-Write Multiphoton Photolithography 
Figure 3.2(a) shows a typical AFM image of patterns fabricated in a ~100 nm thick 120K 
PMMA film using direct-write multiphoton photolithography.  These patterns were fabricated by 
simply irradiating the sample with focused laser light at 870 nm.  Neither dye additives nor 
chemical development procedures were employed, demonstrating that this method provides a 
simple means to fabricate sub micrometer-scale features in thin polymer films.  Furthermore, 
arbitrary patterns can be prepared by this method.  As a demonstration of this attribute, a text 
pattern (designating polymer type and film thickness) was written with sub micrometer 
resolution in the upper left corner of Figure 3.2(a).  This figure also shows two additional types 
of patterns.  On the right, several 5 x 5 µm2 squares were etched into the film at different incident 
laser powers.  These patterns provide valuable information on the power dependence of the 
etching process.  At the bottom left, a number of gratings (10 x 10 µm2) were fabricated as a 
means to assess the etching resolution. 
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Figure 3.2 (a) AFM topography image of patterns fabricated in a 120K PMMA thin film 
(~100 nm thick) using direct-write multiphoton photolithography.  The average laser 
powers (in mW) used for polymer etching have been appended to the image.  (b) Cross-
sectional profile taken along the line shown in (a).   
 
 3.2.2 Power Dependence of the Etching Process 
The 5 x 5 µm2 square patterns in Figure 3.2(a) show that etching of the 120K PMMA 
film occurred at 7.5 mW or higher laser powers, with an irradiation time of 40 ms/pixel.  Figure 
3.2(b) shows a line profile (AFM topography) taken along the line shown in Figure 3.2(a).  This 
figure shows that no apparent etching occurred at 7.1 mW (or lower powers), for which etching 
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is difficult to induce and quantitative etch depths are difficult to obtain.  In contrast, significant 
etching occurred at 9.6 mW and higher incident powers.  The surfaces of the etched regions 
produced at 9.6 and 11.7 mW were much rougher than those obtained at 14.0, 17.5 and 19.9 
mW.  The greater roughness found at intermediate powers is a result of strong “thresholding” in 
the etching process and small variations (~5%) in the laser output.  Incomplete removal of the 
polymer debris formed during etching may also contribute.  At powers of 14.0 mW and higher, 
the bottom surfaces of the etched regions are much smoother, indicating that the polymer film 
was almost completely removed.  Indeed, the depth of the etched patterns at these higher powers 
is similar to the film thickness obtained by spectroscopic ellipsometry.   
The abrupt power-dependent change in etching behavior is clear evidence for the 
nonlinear (multiphoton) nature of the etching process.33, 43 Figure 3.3 plots etch depth vs. 
incident laser power for two PMMA films having thicknesses of 130 nm and 460 nm.  Both films 
were prepared from 15K PMMA.  Etching started at very similar powers in both, and also 
saturated (reflecting complete removal of the film) at similar powers.  Such a result would be 
expected if the etching process involved multiphoton absorption by the UV chromophores of the 
polymer (i.e. the methacrylate groups in the case of PMMA).  The involvement of multiphoton 
processes is also supported by the fact that etching was not observed with the laser operating in 
continuous wave mode, indicating that very high peak intensities are required.33 In addition, the 
diameters of holes etched in the polymer films by single-point irradiation were smaller than the 
diameter of the diffraction-limited Gaussian beam profile at the microscope focus.33  Finally, as 
has been previously shown, PMMA can be decomposed by UV irradiation,4, 134, 135 suggesting it 
can also be decomposed via multiphoton absorption.  Support for this conclusion is also provided 
by previous demonstrations of PMMA ablation using near-IR lasers.41, 42 
39 
 
 
Figure 3.3 Laser power dependence of etch depth for two 15K PMMA films having 
different thicknesses (~120 nm, open circles, and ~450 nm, filled circles).  Etch depth was 
measured from AFM cross-sectional profiles of 5 x 5 µm2 square patterns fabricated at 
different laser powers.  The dashed and solid lines show fits to the data using Eqn. 4. 
 
More quantitative information on the nonlinear nature of etching can also be obtained 
from the power dependent etching data shown in Figure 3.3.  Multiphoton etching can be 
modeled as a simple kinetic process.  In this model, etching is assumed to occur by multiphoton-
induced depolymerization4 of the polymer:  
 
  mFragmentsnPhotonsPolymer →+      Eq.3-1   
 
Assuming the kinetics are first order in the polymer concentration, Cpoly, in the irradiation 
volume and nth order in the photon flux P (which is directly proportional to the incident power), 
the rate of polymer decomposition may then be written as: 
 
   npoly
poly PkC
dt
Cd
−=
)(
       Eq.3-2 
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where k is the rate constant for polymer decomposition and t is time.  Rearranging and 
integrating this expression yields the concentration of polymer remaining after etching for time τ 
at a given P:  
 
    )exp()0(),( npolypoly PkCPC ττ −=       Eq.3-3 
 
Here, Cpoly (0) is the initial polymer concentration before etching.  The irradiation time τ 
is a multiple of the pixel time and depends on the number of times a given sample region is 
scanned through the focal volume of the microscope.  Upon relating polymer concentration in 
the irradiation volume to film etch depth, Dpoly (τ,P), the following equation is obtained: 
 
    [ ])exp(1)0(),( npolypoly PkDPD ττ −−=      Eq.3-4 
 
where Dpoly(0) is the unetched film thickness.   
Fitting of the data shown in Figure 3.3 to Eq.3-4 yields kτ = 4x10-6 and n = 5±1 for the 
thin film.  Similarly, for the thicker film, kτ = 7x10-6 and n = 5±1.  For nonlinear systems, the 
value of n is the primary factor governing the slope of the etch depth vs. incident power plot in 
the transition region (i.e., powers above threshold but below saturation).  Processes exhibiting 
greater nonlinearity yield much steeper slopes (i.e. larger n values).  Likewise, the value of kτ is 
the primary factor in determining the “threshold” for etching for highly nonlinear processes.  
Etching processes that occur at a greater rate exhibit a lower power threshold.  Unfortunately, 
while the n values determined by fitting the experimental data yield reasonable error bars, the kτ 
values are much more sensitive to errors in the measurement of etch depth.  Errors in the kτ 
values obtained are usually similar to the value itself.  Because of its relationship to the etching 
threshold, slight variations in the microscope focus (i.e. < 10% variations in the spot radius) lead 
to substantial variations in the value of kτ obtained.  The same focal variations yield far less 
significant variations in the value of n. Therefore, the discussion below is limited to the order n 
of etching in each film.   
The n values determined from the data in Figure 3.3 (i.e., n = 5 in both cases) suggest the 
etching process is highly nonlinear, involving absorption of as many as five photons by the 
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polymer. The actual order of the process is expected to be somewhat lower, but still within the 
error bars obtained from these data.  PMMA absorbs light of wavelengths shorter than 240 nm 
(its absorption maximum is at 213 nm; see Figure 3.5(a)).  Therefore, it is expected that etching 
could occur by absorption of as few as four photons at 870 nm. The larger value obtained for n 
by fitting the data may be partly due to the difficulties in measuring small etch depths at low 
incident powers.  The large error bars (reflecting standard deviations of the etch depth measured 
at each power) obtained in the transition region also contribute.  Large errors in the transition 
region result from greater roughness of the etched areas (see Figure 3.2(b)).  At the highest laser 
powers, the error bars become very small due to the complete removal of the polymer films (vide 
supra).   
 3.2.3 Comparison of Etching Behavior for Different Polymers 
In addition to being initiated by multiphoton absorption, the etching process is also 
believed to involve thermal vaporization of the polymer fragments created.4  Systematic studies 
of etching in a series of polymers having different chemical structures, glass transition 
temperatures, and molecular weights provide the means to further explore the nonlinear origins 
of etching and the impacts of thermal phenomena.  
Figure 3.4 shows the relationship between etch depth and incident laser power for films 
of (a) 120K PMMA, (b) 120K PS, (c) PBMA and (d) PTEBS.  As with PMMA (Figures 3.3 and 
3.4 a), an abrupt power-dependent transition in etching was observed for both PS and PBMA 
(Figures 3.4 (b) and (c)).  Difficulties in etching and in measuring the etch depths at relatively 
low powers (i.e. < 8 mW in the case of PS and < 7 mW in PBMA) prevented the recording of 
etch depth values at these powers.  The regions etched at intermediate powers were also found to 
be rough for these two polymers.  Again, such roughness may be due to variations in the 
efficiency of the etching process, or to incomplete vaporization of the polymer fragments 
created. 
At high powers, the bottom of each etched area was found to be smooth (vide supra).  
These results suggest that 120K PS and PBMA films are also etched via a multiphoton process.  
Considering these polymers absorb light of wavelengths shorter than 280 nm and 240 nm 
(absorption maxima are 262 nm and 216 nm, respectively; see Figure 3.5), their etching 
processes likely involve three and four photon absorption, respectively, at 870 nm.33   Fits to the 
42 
 
data shown in Figures 3.4 (b), (c) yielded values of n = 3 ± 1 and 4 ± 1, in support of this 
hypothesis.  PEO films were also etched in a similar manner, although quantitative data on the 
etching process could not be obtained because of difficulties encountered in preparing uniform 
films.  
In stark contrast to the abrupt etching transitions observed for PMMA, PS and PBMA, 
PTEBS films could be etched even at very low laser powers (Figure 3.4(d)).  The etch depths for 
PTEBS also increased much more gradually with increasing laser power.  Furthermore, the 
surface of the etched area was relatively smooth at all the laser powers examined, as indicated by 
the relatively small error bars shown (barely visible). PTEBS absorbs visible light of 
wavelengths shorter than 600 nm (its absorption maximum is at 434 nm; see Figure 3.5), and 
thus etching by 870 nm laser light might occur via absorption of as few as two photons.  The 
smoother etched regions observed for PTEBS are likely due to the weaker power dependence of 
etching expected for a second order process, compared to the higher order processes involved in 
etching the other polymers.  Less “thresholding” occurs in lower order processes and hence, 
etching is expected to be much less sensitive to variations in the laser output and to variations in 
the polymer film properties.    
 
Table 3.1 Glass Transition Temperatures, n Values, and Edge Sharpness for the Polymers 
Examined. 
  
Reproduced with permission from Langmuir, 2007, 23, 12406-12412. Copyright 2007 American 
Chemical Society 
43 
 
 
 
 
Figure 3.4 Laser power dependence of etch depth for (a) 120K PMMA, (b) 120K PS, (c) 
PBMA and (d) PTEBS.  Etch depth was measured from AFM cross-sectional profiles of 5 x 
5 µm2 square patterns fabricated at different laser powers. The solid lines show 
approximate fits to the data using Eq. 3-4 and the average n values given in Table 3.1. 
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UV-Vis spectra taken by Dr. Takashi Ito 
 
Figure 3.5  UV-Vis spectra of (a) 15K PMMA (150 nm thick), (b) 15K PS (130 nm thick), 
(c) PBMA (300 nm thick) and (d) PTEBS (ca. 70 nm thick).   
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The order of the nonlinear processes (i.e. the number of photons simultaneously absorbed 
by individual chromophores) involved in etching all polymer films examined are summarized in 
Table 3.1.  The values of n obtained decrease in the order PMMA ≥ PBMA > PS > PTEBS, and 
appear to be independent of polymer molecular weight, film thickness and glass transition 
temperature (Tg).  Taken with the discussion presented above, these results prove the etching 
process is triggered by multiphoton absorption.  They are consistent with depolymerization of the 
polymer and subsequent thermal evaporation of the fragments.4  The energy for thermal 
evaporation is also transferred to the polymer via multiphoton absorption.  The involvement of 
depolymerization and thermal evaporation processes in polymer etching suggests that the etching 
mechanisms may be similar to those of UV laser ablation.4   Although there is still significant 
debate as to the real mechanisms by which laser ablation occurs, it is clear that both 
photochemical and photothermal processes are involved.4  The extent to which each participates 
is likely to depend on the wavelength of the incident light and the order of the nonlinear optical 
processes involved.38  Detailed analysis of the evaporated fragments38, 40 in the present 
experiments would provide valuable additional information on the multiphoton etching 
mechanisms involved.   
 
 3.2.4 Edge Sharpness for Different Polymers 
The edge sharpness of the etched patterns produced by multiphoton photolithography is 
important because it defines the smallest feature sizes that can be fabricated using the technique. 
This has important implications for the suitability of polymers for high resolution device 
fabrication.  As has been previously demonstrated by Higgins and ito et al 33, 43 and by others,23 
multiphoton methods can be used to fabricate sub micrometer-resolution patterns in polymer 
films.  Here, surface relief gratings were fabricated in a series of polymer films to explore this 
issue.  
Figure 3.6 shows representative cross-sectional profiles of gratings formed in films of (a) 
15K PMMA, (b) 16K PS, (c) PBMA and (d) PTEBS.  These gratings were fabricated using laser 
powers at which the polymers were completely removed (ca. 16 mW) from the substrate surface 
(see figure 3.6(e)).   It is clear that the sharpest patterns could be formed in 15K PMMA.  In 
contrast, all other polymers exhibit significant “rounding” of the edges of etched regions. 
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Figure 3.6 Cross-sectional profiles of gratings fabricated in (a) 15K PMMA, (b) 16K PS, (c) 
PBMA (d) PTEBS and (e) 10 x 10 μm2  surface relief gratings fabricated in PMMA.    
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Edge sharpness, and hence, etching resolution in each film was assessed by determining 
the slope of the edge region.  In determining edge sharpness, the depths of trenches etched into 
each sample were divided by the lateral distances from fully etched to unetched polymer.  Edge 
sharpness was found to be independent of film thickness.  Data obtained from PMMA films 
yielded values of 0.57 ± 0.04, 0.63 ± 0.12, and 0.56 ± 0.13 for films having thicknesses of 120-
140 nm, 360-nm and 480-nm, respectively.  Note that the edge sharpness values are likely 
reduced somewhat by convolution with the AFM tip.  The maximum sharpness that would be 
observed for an infinitely sharp edge would be 1.0, for the contact mode tips employed.  Table 
3.1 summarizes the edge sharpness values obtained for all the different polymer films employed.  
These data prove that the etching resolution is highest for 15K PMMA.  This result is consistent 
with etching of PMMA by a high order nonlinear optical process, and with efficient thermal 
evaporation of the fragments, which are likely small, due to its low molecular weight.  The data 
obtained for 350K PMMA provides evidence in support of this conclusion.  The 350K PMMA 
films were etched with markedly lower resolution than the lower molecular weight PMMA films.  
This is very likely caused by deposition of insufficient thermal energy into the high molecular 
weight PMMA films to properly evaporate larger fragments, especially at the edges of etched 
regions. 
Although etching of PBMA is expected to occur by a similarly high order nonlinear 
process, PBMA was observed to yield relatively lower resolution etching.  This observation can 
again be explained by the involvement of thermal processes (vide supra).  Specifically, it is 
likely that sufficient energy is deposited into the polymer so that even unetched regions are 
heated above Tg.  In this case, polymer flow from unetched into etched regions is the likely cause 
of reduced resolution.  Further evidence for the importance of thermal processes in PBMA 
etching is also found in the appearance of raised “ridges” near the edges of etched regions.  The 
presence of these ridges is consistent with heating (and melting) of the PBMA outside the 
irradiated region, due to its very low Tg. 
While PS possesses some of the highest Tg values it is also observed to yield relatively 
lower resolution etching than PMMA.  In this case, the resolution is likely limited by the 
involvement of a somewhat lower order nonlinear optical process.  The PTEBS data provides 
support for this latter conclusion.  In fact, PTEBS yields the lowest etching resolution of all of 
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the polymers investigated.  Low resolution arises in this case because PTEBS is etched via a 
two-photon process.  Hence, dramatically reduced “thresholding” occurs in these films.  Reduced 
resolution is not expected to stem from thermal effects in this case as neither melting nor glass 
transitions have been detected for these materials for temperatures as high as 500oC.    
As a result of the above discussion, it may be concluded that 15K PMMA is best suited 
(of the polymers studied) for use in multiphoton photolithography, from the perspective of 
etching resolution alone.   
 3.2.5 Pattern Transfer Using PDMS Soft Lithography 
Experiment done by Dr.Takashi Ito 
 
Possible applications of the direct-write multiphoton photolithography methods described 
herein abound.  They include patterning of polymer films for use in the etching of 
semiconductors, creation of liquid-crystal-based diffractive optics43 and in production of 
electrochemical microdisk sensing devices.33  Here, transfer of sub micrometer-scale patterns 
produced by multiphoton etching into elastomeric polydimethylsiloxane (PDMS) materials is 
demonstrated.  Transfer of such patterns may find uses in the production of embossed 
elastomeric stamps for microcontact printing136, 137 or for fabrication of micro- and nanofluidic 
devices.45 Previously, micron-scale patterns fabricated in dye-doped PMMA films via laser 
ablation using green light were transferred into elastomeric PDMS stamps for use in 
microcontact printing.34  
Figure 3.7 shows AFM images of (a) a mold fabricated in a 15K PMMA film (~150 nm 
thick) using multiphoton photolithography and (b) the same pattern transferred from the mold 
onto a PDMS surface.  The particular pattern transferred here has a height of 50 nm, although 
patterns with larger and smaller topographic features can also readily be transferred.  As shown 
in the cross-sectional profiles, the depressed area of the mold corresponds exactly to the 
protruding area in the PDMS surface.  However, there is a slight reduction in the pattern 
resolution upon transfer to PDMS, as demonstrated by the slight rounding of the edges apparent 
in these data.  Considering that this lithographic technique can be used to fabricate sub 
micrometer patterns in polymer films having thicknesses of less than 50 nm, this method would 
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clearly be useful for fabrication of nanofluidic devices or for making very thin slits for use in the 
entropic trapping of DNA molecules.138 
  
 
Figure 3.7 AFM topography images of patterns fabricated in (a) 15K PMMA and (b) 
PDMS.  The latter was patterned via soft lithography using the 15K PMMA pattern.  
Cross-sectional profiles across the AFM images are also shown.   
 
 
 3.3 Summary and Conclusions 
Systematic studies of the etching process in direct-write multiphoton induced 
photolithography have been described in this chapter.  These studies were performed for 
polymers having different chemical structures, different molecular weights and different glass 
transition temperatures.  Studies were also performed for films of different thicknesses.  The 
results prove that multiphoton absorption triggers etching, which then likely proceeds via 
depolymerization and thermal evaporation of the resulting polymer fragments.4  It was 
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conclusively shown that the multiphoton etching process enables the preparation of sub 
micrometer-scale patterns in thin polymer films.  High resolution results from the strong 
“thresholding” of the etching process for UV-absorbing polymers.  Evaporation of the debris 
makes it possible to obtain patterns without the use of chemical development steps.  However, 
thermal effects (i.e. polymer melting) can also reduce the etching resolution for polymers having 
low glass transition temperatures.  Based on all factors explored and for the polymers 
investigated, it was concluded that 15K PMMA is best suited for etching by the multiphoton 
method employed.  Pattern transfer via soft lithography was also demonstrated as a means to 
prepare sub micrometer-scale structures on PDMS from patterns lithographically fabricated in a 
15K PMMA film.  The direct-write multiphoton etching technique described herein provides a 
simple means for fabricating chemical sensor arrays, optical devices, and micro- and nanofluidic 
devices.45  
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Chapter 4 - Bottom-up fabrication and characterization of 
nanoporous polystyrene-poly (methylmethacrylate) (PS-b-PMMA), 
diblock copolymer thin films 
 Introduction 
 
This chapter is divided into two sections, the first of which describes the fabrication of 
thin films of polystyrene-poly (methylmethacrylate) (PS-b-PMMA) on silicon substrates having 
different surface roughness in order to study the effects of roughness and block affinity on the 
orientation of the cylindrical PMMA domains. These studies were conducted to optimize the 
conditions, such as film thickness and annealing, for the formation of either the vertical or the 
horizontal orientation of the PMMA domains in thin films of PS-b-PMMA on gold and silicon 
substrates. The films studied in the first section were not etched via UV/acetic acid treatment. 
The second section describes in detail the surface chemical characterization of UV/acetic acid 
etched nanoporous films of horizontally aligned PS-b-PMMA on silicon substrates, to identify 
the functional groups formed as a result of UV modification.  
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 4.1 Effects of substrate roughness on the orientation of cylindrical domains in 
thin films of a polystyrene-poly (methylmethacrylate) diblock copolymer 
 
Helene C. Maire, Shaida Ibrahim, Yongxin Li and Takashi Ito 
Reproduced in part with permission from Polymer, 2009, 50, 2273-2280. Copyright 2009 
Elsevier  
 
 Introduction 
 
Block copolymers (BCPs)2, 73-75 containing self-organized nanoscale domains have 
recently been employed to fabricate masks for lithography,69 templates for metal or silica 
nanowire synthesis,97, 101 templates for nanoparticle deposition,81, 82 and filtration membranes for 
viruses.78, 99 These applications require that the nanoporous templates consist of well ordered 
vertical orientation of cylindrical domains of the minor component. Indeed, a few applications 
such as templates for nanoparticle deposition require long range horizontal orientation of 
domains. Furthermore, characterization of the surface chemical properties of the nanoscale 
domains of the etched and unetched phases, using scanning force techniques, require that the 
minor phase is oriented horizontally to the surface. In view of this, optimizing the conditions 
required for obtaining the desired domain alignment is imperative. Whereas the thickness and 
domain diameter of PS-b-PMMA films can be controlled by the usual parameters of spin 
speed/solution concentration and molecular weight respectively, 2, 73-75 it is often challenging to 
control domain alignment.  In a BCP film supported by a substrate, the orientation of cylindrical 
domains is strongly affected by interactions at the BCP–substrate interface and at the free surface 
of the BCP film.  Preferential wetting of one fragment at an interface leads to horizontal domain 
orientation.  To align cylindrical domains vertically to an underlying substrate, the substrate 
surface has often been chemically tailored to balance the affinities of the BCP fragments.139, 140  
For example, such neutralized surfaces for PS-b-PMMA were obtained on hydrogen-terminated 
Si,141 on substrates modified with organosilane self-assembled monolayers,85 and on substrates 
covalently modified with a brush layer of a PS-PMMA random copolymer having an appropriate 
volume fraction.86, 139  In addition to controlling the surface affinity of the underlying substrates, 
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several approaches have been simultaneously employed to improve the vertical alignment of 
cylindrical PMMA domains in a PS-b-PMMA film, including optimization of film thickness,87, 
142 addition of PMMA homopolymers,89 control of solvent-evaporation conditions,88 and electric 
field application during annealing.91, 97, 110   
Recently, Sivaniah and coworkers experimentally demonstrated that the roughness of a 
substrate surface induced the vertical alignment of lamellar PMMA domains in thin films of 
symmetric PS-b-PMMA.90, 143, 144  The domain orientation was influenced by the lateral 
periodicity and vertical amplitude of the surface corrugations of an underlying substrate as well 
as the periodicity of the BCP domains (L0).  The roughness-induced vertical alignment of BCP 
domains was theoretically explained using a model based on the distortion of aligned domain 
structures by the rough surface.145-147  The roughness-induced domain alignment provides a 
simple means for preparing thin PS-b-PMMA films containing vertically-aligned PMMA 
domains, because it does not require the chemical neutralization of the substrate surface.90, 143    
In this work, thin films of asymmetric PS-b-PMMA with controlled thicknesses (20 ~ 
200 nm) were prepared on gold and oxide-coated Si substrates having different surface 
roughness.  The orientation of cylindrical domains at the free surface of PS-b-PMMA films 
having different thicknesses and annealed under different conditions was assessed using atomic 
force microscopy (AFM). The vertical orientation of cylindrical PMMA domains could be 
obtained on gold substrates covered with nanoscale grains under controlled annealing conditions.  
In contrast, the cylindrical domains were oriented horizontally on oxide-coated Si substrates 
regardless of substrate roughness and the annealing conditions examined.   
 
 4.1.1 Experimental  
 4.1.1.1. Chemicals and Materials 
PS-b-PMMA (average molecular weights of PS and PMMA: 39,800 and 17,000, 
respectively; polydispersity: 1.06) was purchased from Polymer Source and used as received.  
Toluene (Fischer Chemical) and HF (Acros Organics) were used without further purification.  
Planar Si (100) wafers (p-type) were purchased from University Wafer (South Boston, MA).  
Gold-coated Si wafers (Au/Si), which were prepared via sputtering 10-nm Ti followed by 200-
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nm Au onto Si (100) wafers, were purchased from LGA Thin Films (Foster City, CA).  Gold-
coated glass slides (Au/glass), which were prepared by electron-beam deposition of 100-nm Au 
onto aluminosilicate glass microscope slides with a thin Ti adhesion layer, were purchased from 
Platypus Technologies (Madison, WI).   
 4.1.1.2. Substrate preparation 
All Si and Au substrates (ca. 1 x 1 cm2) were sonicated in ethanol and then cleaned using 
a Novascan PSD-UVT UV-Ozone system in air for 30 min.  Roughened oxide-coated Si 
substrates were prepared by immersing the cleaned Si substrates in a 2% w/w ammonium 
fluoride solution148 for 20 mins, with sonication for the first 10 mins. The roughened Si 
substrates were re-oxidized in a UV-Ozone system for 30 min in air. 
 4.1.1.3. Preparation of PS-b-PMMA thin films 
A thin film of PS-b-PMMA was prepared on a substrate via spin-coating (2000 rpm, 30 s) 
from its toluene solution.  The thickness of a polymer film was controlled by varying the 
concentration of the toluene solution in the range from 0.5 to 3% (wt/wt).  The polymer-coated 
substrates were annealed in an Isotemp vacuum oven Model 280a at 170 or 190 oC in vacuum 
(0.3 Torr) for 60 ~ 210 hours to allow the formation of cylindrical PMMA domains in the film.   
 4.1.1.4. Characterization of substrates and PS-b-PMMA films 
Water contact angles (θwater) were measured to assess the cleanness of a substrate prior to 
the polymer film deposition.  A water droplet (2 μL) was deposited onto a substrate surface, and 
the angles at the two opposite water–substrate interfaces were measured within 30 s after 
depositing the drop.149  The thickness of an annealed PS-b-PMMA thin film (t) was measured 
using a J. A. Woollam alpha-SE spectroscopic ellipsometer.  AFM images of sample surfaces 
were measured by Tapping-mode imaging in air, using a Digital Instruments Multimode AFM 
with Nanoscope IIIa electronics.  Tapping mode AFM probes from Applied Nanostructures 
(cantilever length: 125 μm; force constant: 40 N/m; resonance frequency: 300 kHz) were used.  
The values and errors reported here are the averages and 90% confidence limits, respectively, 
obtained from multiple measurements on multiple samples.   
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 4.1.2 Results and Discussion  
 4.1.2.1. Surface roughness and cleanness of planar substrates 
 
In this study, four types of planar substrates were employed as supports for PS-b-PMMA 
films (Figure 4.1):  Au substrates prepared on Si wafer via sputtering (Au/Si; Figure  4.1(a)), Au 
substrates prepared on aluminosilicate glass via electron-beam deposition (Au/glass; Figure 
4.1(b)), smooth oxide-coated Si substrates (s-SiO2/Si; Figure 4.1(c)) and roughened oxide-coated 
Si substrates (r-SiO2/Si; Figure 4.1(d)).  Table 4.1 summarizes the root-mean-square (RMS) 
vertical displacement (R), average grain diameter (dg) and water contact angle (θwater) of these 
substrates.  s-SiO2/Si was very smooth, whereas the other substrates showed nanoscale grains on 
their surfaces.  In addition, the grain size and the roughness amplitude were largely different 
between Au/Si and Au/glass.  The gold and Si substrates with different roughness allowed us to 
study the influences of substrate surface roughness on domain orientation in PS-b-PMMA films.  
The θwater values of the gold surfaces were similar to those reported previously,150 and the very 
low θwater values (≈ 10°) of the SiO2/Si surfaces indicated the presence of thick oxide layers.151  
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Figure 4.1 AFM images (500 x 500 nm2) of the cleaned surfaces of (a) Au/Si, (b) Au/glass, 
(c) s-SiO2/Si and (d) r-SiO2/Si.  A typical cross-sectional profile of each sample surface is 
also given. Copyright 2009 Elsevier. 
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Table 4.1 Surface Root-Mean-Square Roughness (R), Grain Diameter on the Surface (dg) 
and Water Contact Angle (θwater) of the Substrate Surfaces Used in this Study. 
Substrate R (nm)a) dg (nm)b) θwater (°)c) 
s-SiO2/Si 0.2 ± 0.0 –d) 9 ± 2 
r-SiO2/Si 1.8 ± 0.5 40 ± 5) 9 ± 1 
Au/Si 1.4 ± 0.2 36 ± 5 43 ± 1 
Au/glass 3.1 ± 0.4 132 ± 13 33 ± 2 
 
a) Average and 90% confidence limit of the root-mean-square (RMS) vertical 
displacement of at least three separate samples.  b) The average and 90% confidence limit of the 
diameters of surface grains obtained from line profiles of AFM images.  c) Average and 90% 
confidence limit, determined from at least three separate samples.  d) The surfaces were too 
smooth to recognize the grains in the line profiles of AFM images.  Copyright 2009 Elsevier. 
 
 4.1.2.2. Effects of PS-b-PMMA film thickness on PMMA domain orientation 
 
Since the PMMA volume fraction of the PS-b-PMMA employed here was 0.3, annealed 
PS-b-PMMA films contain self-assembled cylindrical domains of the minor PMMA fragments.  
Figure 4.2 shows Tapping-mode AFM images of PS-b-PMMA thin films having different 
thicknesses on (a) Au/Si, (b) Au/glass, (c) s-SiO2/Si and (d) r-SiO2/Si that were annealed at 170 
°C for 60 hours in vacuum.  The domain periodicity (L0)73 of the PS-b-PMMA employed was ca. 
35 nm.  Samples were classified based on the ellipsometric thickness of the PS-b-PMMA films 
(t):  (1) t is slightly smaller than the domain periodicity (t = 17 ~ 24 nm; left), (2) similar to L0 (t 
= 32 ~ 42 nm; center), and (3) much larger than L0 (t = 120 ~ 177 nm; right).  These images 
clearly show that the surface features of PS-b-PMMA films were strongly affected by film 
thickness and underlying substrate.   
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Figure 4.2 AFM images (500 x 500 nm2; ∆z = 20 nm)) of PS-b-PMMA film surfaces having 
different thicknesses (t) on (a) Au/Si, (b) Au/glass, (c) s-SiO2/Si and (d) r-SiO2/Si.  The 
ellipsometric thickness of each film is included in each image.  Left: t < L0; center: t ≈ L0; 
right: t >> L0.  All the PS-b-PMMA films were annealed at 160 °C for 60 hours in vacuum. 
Copyright 2009 Elsevier   
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When t was much larger than L0 (Figure 4.2, right row), circular dots indicating 
cylindrical PMMA domains oriented vertically to the film surface were observed on the four 
types of substrates.  The vertical domain orientation at the free surface probably reflected the 
nearly balanced affinity of the two polymer fragments at the polymer–vacuum interface, as 
suggested by the similar surface tension values of PS and PMMA at 150 °C (31.4 and 31.2 
mN/m, respectively).152  The density of the vertical domains exposed to the surface was similar 
on the four substrates, but was slightly smaller than the maximum density of the hexagonal 
domains calculated from L0 (ca. 900 domains/µm2).  The smaller domain density may reflect the 
slightly higher affinity of PS to vacuum.153  These results indicate that the PS-b-PMMA films of 
t >> L0 are not suitable for demonstrating the influence of substrate properties on the orientation 
of cylindrical PMMA domains.   
In contrast, AFM images of PS-b-PMMA films at t < L0 and t ≈ L0 were different 
according to the substrates, suggesting that the domain orientation at the free surface of these 
thin films mainly reflected interactions at the polymer-substrate interface.   
On Au/Si, vertical domains without any island structures were observed at t < L0 and t ≈ 
L0 (Figure 4.2(a), left and center), suggesting that the cylindrical PMMA domains on Au/Si were 
oriented vertically to the polymer–vacuum interface.  Circular dots corresponding to vertical 
PMMA domains were observed at t ≈ L0 on Au/glass (Figure 4.2(b), center).  However, these 
circular dots distributed non-uniformly and at a density lower than half of that on Au/Si (Figure 
4.2(a), center).  These observations suggest that the roughness of these gold substrates inhibit the 
horizontal orientation of the cylindrical domains and thus give vertically oriented domains under 
the annealing conditions examined.  Although it has been reported that gold surface is 
preferentially wetted by PS fragments,154, 155 the difference in the affinity of PS and PMMA to 
the gold surface may not be so large.90  An AFM image at t < L0 on Au/glass (Figure 4.2(b), left) 
did not show the domain morphology of PS-b-PMMA and instead showed the contour reflecting 
the surface structure of the substrate (Figure 4.1(b)).  The different domain morphologies on 
Au/Si and Au/glass probably reflected the kinetics of domain formation and orientation 
influenced by the substrate roughness (see 4.1.2.3).143   
On the other hand, PMMA domains were horizontally oriented at t ≤ L0 on s-SiO2/Si 
(Figure 4.2(c)) and r-SiO2/Si (Figure 4.2(d)).  The horizontal domains formed island structures in 
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PS-b-PMMA films at t < L0 (Figure 4.2(c) and (d), left) and covered the whole surface at t ≈ L0 
(Figure 4.2(c) and (d), center).73, 82, 156  These observations are consistent with the 
commensurability effects.73, 139  These results indicate that the roughness did not significantly 
affect the domain orientation on SiO2/Si substrates.  The negligible effect of the surface 
roughness on oxide-coated Si surface is probably due to the much higher affinity of the PMMA 
fragments to the underlying oxidized Si surface.73  This is probably because of the hydrogen 
bond interactions between surface Si-OH groups and the ester moieties of PMMA.156, 157   
In summary, under the annealing conditions employed here, the domain orientation at the 
free surface of a PS-b-PMMA film at t ≤ L0 reflected interactions between the polymer fragments 
and substrate surface, whereas that at t >> L0 resulted from the balanced affinity of the polymer 
fragments at the polymer–vacuum interface.  These results mean that the domain orientations, 
observed with AFM, were competitively determined by interfacial interactions at the polymer-
vacuum and polymer-substrate interfaces, giving the thickness-dependent domain orientation.  
These conclusions could be obtained by systematically investigating domain orientation at the 
free film surface by varying film thickness on the same substrate and by using films of similar 
thickness on different substrates.   
 
 4.1.2.3. Effects of the annealing conditions on PMMA domain orientation in thin PS-
b-PMMA films 
 
As shown in Figure 4.2(a) and (b), the substrate roughness induced the vertical 
orientation of cylindrical PMMA domains on gold.  However, the roughness amplitudes of these 
substrates (Figure 4.1(a) and (b)) were similar to those of substrates that showed metastable 
perpendicular orientation of lamellar microdomains in films of symmetric PS-b-PMMA.143  On 
such moderately rough substrates, the perpendicular lamellae obtained after initial annealing 
changed to parallel lamellae after extended annealing.143, 158  The domain morphologies of 
cylinder-forming PS-b-PMMA films of t ≈ L0 (= 32 ~ 37 nm) on Au/Si and Au/glass were thus 
investigated upon their annealing at higher temperature (190 °C) for a longer time (100 h, 150 h, 
210 h).   
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Figure 4.3 summarizes AFM images of PS-b-PMMA thin films on (a) Au/Si and (b) 
Au/glass that were annealed under different conditions.  PMMA domains at the free surface of a 
PS-b-PMMA film on Au/Si were oriented horizontally after annealing at 190 °C for 150 hours, 
in contrast to those oriented vertically after annealing at 170 °C for 60 hours (Figure 4.3(a)).  The 
horizontal orientation of PMMA domains was similarly observed after annealing at 190 °C for 
100 hours.  These observations indicated that the vertical orientation obtained upon annealing at 
170 °C would be metastable.  The PMMA domains were oriented horizontally to the underlying 
gold substrate at equilibrium due to the preferential affinity of PS fragments on gold surface.154, 
155   
 
 
 
 
Figure 4.3 AFM images (500 x 500 nm2; ∆z = 20 nm)) of the surface of PS-b-PMMA films 
on (a) Au/Si and (b) Au/glass annealed under different conditions.  The ellipsometric 
thickness of each film, which was close to L0, is included in each image.  The PS-b-PMMA 
films were annealed in vacuum at 160 °C for 60 hours (left; the same images as those shown 
in Figure 4.2(a) and (b)), at 190 °C for 150 hours (center) and at 190 °C for 210 hours 
(right). Copyright 2009 Elsevier  
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On Au/glass, PS-b-PMMA films annealed at 190 °C for 150 hours contained vertical 
domains at higher density than those at 170 °C for 60 hours (Figure 4.3(b)).  However, PMMA 
domains were oriented horizontally in films annealed at 190 °C for 210 hours (Figure 4.3(b); 
right), indicating that the vertical orientation was obtained at the metastable state.  The slower 
transition of the domain orientation on Au/glass would be due to its larger roughness amplitude 
as compared to Au/Si, which was consistent with the trend reported previously on the kinetics of 
roughness-induced domain orientation of lamella-forming PS-b-PMMA films.143  
 
 4.1.3 Summary and Conclusions 
 
This section described the effects of substrate properties and film thickness on the 
orientation of cylindrical PMMA domains in thin films of PS-b-PMMA.  The nanoscale 
roughness of gold substrates induced the metastable vertical orientation of PMMA domains at 
the polymer-substrate interface without neutralizing the block affinity of the substrate.  The 
metastable vertical domain orientation was previously reported for lamella-forming, symmetric 
PS-b-PMMA films on indium tin oxide and polyimide substrates.90, 143, 146, 147  In contrast, 
regardless of their roughness, vertically oriented microdomains were not observed on oxide-
coated Si substrates under the annealing conditions examined, probably because of the high 
affinity of PMMA fragments to the surface.  However, more systematic investigations on the 
effects of substrate roughness, substrate block affinity and annealing conditions on the domain 
orientation would be necessary to fully understand the microdomain orientation in cylinder-
forming PS-b-PMMA films on rough surfaces.   
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 4.2 Surface Chemical Properties of Nanoscale Domains on UV-Treated 
Polystyrene-Poly (methylmethacrylate) Diblock Copolymer Thin Films  
 
Shaida Ibrahim and Takashi Ito 
Reproduced with permission from Langmuir, 2010, 26, 2119-2123. Copyright 2009 
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 Introduction 
This section describes the surface chemical properties of ca. 20-nm wide domains on a 
UV-treated thin film of a polystyrene-poly (methylmethacrylate) diblock copolymer (PS-b-
PMMA).  Horizontally-oriented PMMA domains were formed on a thin film of PS-b-PMMA 
(71,000 as the molecular weight; 0.3 as the PMMA volume fraction) on a SiO2-coated Si 
substrate, and etched by UV irradiation and subsequent acetic acid (AcOH) treatment.  The 
surface charge and hydrophilicity of the resulting nanoscale trenches (etched PMMA domains) 
and ridges (PS domains) were investigated via three different approaches based on scanning 
force microscopy (SFM): chemical force pH titration, friction force imaging with chemically 
modified tips, and observation of ferritin adsorption with tapping-mode atomic force microscopy 
(TM-AFM).   
Microdomains of minor components in a BCP are selectively etched to obtain nanoscale 
structures that can be used as masks for nanolithography,69 as templates for nanomaterial 
synthesis,97 as substrates for controlled deposition of nanomaterials,81-83, 98 and as chemical 
separation membranes.78-80, 99, 159  For templating and separation applications, it is important to 
understand and control the surface chemical properties of BCP-derived microstructures that 
determine chemical interactions with nanomaterials and biomolecules of interest.  Previously, 
BCPs that offered known surface functionalities upon the formation of nanoporous structures 
were designed and synthesized.92-94, 160  Chemical functionalization of the nanopore surface was 
monitored by NMR measurements of the dissolved polymer solution.93, 94 Cyclic voltammetry 
(CV) was previously employed to investigate the surface chemistry of cylindrical nanopores in 
thin films derived from PS-b-PMMA.76, 79, 108  However, CV cannot be used to assess the surface 
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chemistry of the unetched PS matrix, though the surface properties of both the domains may 
need to be controlled for efficient templating and chemical separation applications.    
A PS-b-PMMA film, with horizontally-oriented cylindrical PMMA domains on its 
surface, was employed in this experiment. The use of horizontally oriented domains permitted 
the direct comparison of the surface chemical properties of the two nanoscale domains using 
SFM-based techniques.  Here, three different SFM-based approaches were examined to 
investigate the surface charge and hydrophilicity of these domains.  First, chemical force pH 
titration,161, 162which has been employed to assess the surface functionality of polymers,122, 163-165 
was examined to obtain information on surface functional groups on the domains.  Next, friction 
force images of the film surface with chemically modified tips107, 122, 125, 162, 166-168 were measured 
in n-dodecane to compare the chemical properties of the domains that reflected the tip-surface 
hydrogen bonding and dispersion forces.  Finally, ferritin adsorption from an aqueous buffered 
solution onto the two distinct domains, which would be determined by electrostatic and 
hydrophobic interactions with the domains, was investigated with TM-AFM.  An in-depth 
knowledge of the surface properties of the two distinct domains will make it possible to control 
chemical interactions at these surfaces, and thus to improve the efficiency in templating 
applications and chemical separations. 
 4.2.1 Experimental 
 4.2.1.1 Chemicals and Materials 
PS-b-PMMA (71K PS-b-PMMA: Mn = 50,000 g/mol for PS and 21,000 g/mol for 
PMMA, Mw/Mn = 1.08) and polystyrene (PS; Mw = 119,600 g/mol) were purchased from 
Polymer Source and used as received. 11-mercaptoundecanoic acid (Aldrich), 11-mercapto-1-
undecanol (Aldrich), 1-dodecanethiol (Acros Organics), n-dodecane (Alfa Aesar), potassium 
dihydrogen phosphate (Fisher Chemical), potassium hydrogen phosphate (Fisher Chemical), 
potassium hydroxide (Fisher Chemical), phosphoric acid (85%, Fisher Chemical), and ferritin 
(from equine spleen, Sigma) were used as received.  All aqueous solutions were prepared with 
water having a resistivity of 18 MΩ or higher (Barnstead Nanopure Systems).  Si (100) wafers 
(p-type) were purchased from University Wafer. 
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 4.2.1.2 Preparation of UV/AcOH-Treated PS-b-PMMA Films 
Si substrates (15 mm x 15 mm) were cleaned in a Novascan PSD-UVT UV-ozone system 
for 30 mins prior to use.  A thin PS-b-PMMA film was prepared by spin-coating its toluene 
solution (0.75 % w/w) on a silicon substrate, and annealed at 170oC in vacuum for 60 h to form 
horizontally oriented PMMA domains on the film.109  The PMMA domains were etched by UV 
irradiation for 40 min under an Ar atmosphere and subsequent rinsing with glacial acetic acid.108, 
110 The thickness of the films prior to the etching was in the range of 30 – 40 nm, which was 
measured using a J. A. Woollam alpha-SE spectroscopic ellipsometer.  As control experiments, 
35 nm thick PS homopolymer films were prepared to investigate the effects of the UV/AcOH 
treatment.   
 4.2.1.3 Contact Angle Measurements 
Contact angles were measured by depositing 2 μL of a 1 mM phosphate solution (pH 3.0 
– 10.3) onto a UV/AcOH-treated PS-b-PMMA film using a PG-1 pocket contact angle 
goniometer.169  The angles formed at the two opposite liquid-substrate interfaces were measured 
within 30 sec of depositing the drop.  Contact angles of water were also measured on a PS-b-
PMMA film before and after UV/AcOH treatment.  The contact angle data reported are the 
averages and standard deviations of more than four measurements at different positions on a 
sample. 
 4.2.1.4 Chemical Force Microscopy Measurements 
Chemical force pH titration and friction force imaging with gold-coated tips modified 
with thiolate self-assembled monolayers (SAMs) were carried out using a Picoscan SPM 
(Molecular Imaging) within a liquid cell.  Gold-coated tips (Budget Sensors; cantilever length, 
450 µm; force constant, 0.2 N/m; resonant frequency, 13 kHz) were first rinsed with ethanol and 
then cleaned in a Novascan PSD-UVT UV-ozone system for 30 min.  The cleaned tips were 
immersed in an ethanol solution of an organic mercaptan (1 – 2 mM) for at least 24 h, rinsed 
with ethanol, and dried in air.  The spring constants of the chemically-modified gold tips were 
determined using software contained within the Digital Instruments multimode microscope 
(Nanoscope IIIa electronics) based upon the thermal oscillations of the cantilever.  
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Chemical force pH titration data were obtained using tips modified with COOH-
terminated SAMs (COOH-terminated tips) in 1 mM phosphate solutions (pH 3.0 – 10.3).  The tip 
and sample were equilibrated for 10 min at each pH before the measurement.  The SPS mode 
was used to obtain 64 force-distance curves while simultaneously acquiring a topographic image 
(scan speed: 3.5 Hz) over a 1 x 1 µm2 area of a sample.  At least two different areas on a sample 
were measured using a single tip to generate a total of 128 force-distance curves.  The adhesion 
force was measured as the deflection of the cantilever at pull-off, from force versus cantilever 
displacement curves.  The spring constant and the slope of the retract region (deflection 
sensitivity) were used to convert the cantilever deflection, in volts, into an adhesion force.  Tip 
approach-retract speed used for measuring a force-distance curve was 160 nm/s:  Adhesion force 
on a UV/AcOH-treated PS-b-PMMA sample was similar over the speed range of 53 – 160 nm/s 
whereas faster speeds gave larger adhesion force.  The data reported in this paper were obtained 
using one COOH-terminated tip, and similar trends were observed with two other COOH-
terminated tips.   
Friction force imaging was performed in the contact mode within a liquid cell using tips 
modified with CH3- or OH-terminated SAMs (CH3- and OH-terminated tips, respectively).  
Topography and friction images (scan rate: 3.5 Hz; applied load: 10 nN) were simultaneously 
obtained in n-dodecane with the scan direction set perpendicular to the long axis of the 
cantilever.  The friction signal (in the voltage scale) represented the torsional deflection of the 
cantilever, determined as the difference in laser intensity irradiated between left and right halves 
of the detector.  The friction signal was not converted to friction force because the torsional 
spring constant of the cantilever was not measured.   
 4.2.1.5. Observation of Ferritin Adsorbed on UV/AcOH-Treated PS-b-PMMA Films 
A UV/AcOH-treated PS-b-PMMA surface was covered with 100 µL of a ferritin solution 
(1 mg/ml in a 1mM phosphate buffer at pH 6.5) for 30 sec.  The surface was then rinsed with 
phosphate buffer followed by water, and dried prior to imaging.  TM-AFM images of the sample 
were obtained in air using a Digital Instruments Multimode AFM with Nanoscope IIIa 
electronics.  TM-AFM probes from Applied Nanostructures (cantilever length, 125 µm; force 
constant, 40 N/m; resonant frequency, 300 kHz) were used.    
67 
 
 4.2.2 Results and Discussion 
 4.2.2.1. Contact Angle Measurements 
Prior to SPM studies, contact angles of PS-b-PMMA films were measured to investigate 
the influence of the UV/AcOH treatment.  The water contact angle (θwater) on a PS-b-PMMA 
film before UV/AcOH treatment was (81 ± 2)°.  This θwater value was between those of PS (ca. 
90°) and PMMA (ca. 70°)139 homopolymer surfaces reported previously, suggesting the presence 
of PS and PMMA domains exposed to the film surface.  After the UV/AcOH treatment, the θwater 
value decreased to (42 ± 2)°, suggesting the presence of hydrophilic functional groups on the 
film.   
To investigate the nature of these hydrophilic functional groups on UV/AcOH-treated 
PS-b-PMMA films, contact angles of aqueous solutions were measured at different pH (Figure 
4.4, filled circles).  The measured contact angle gradually decreased from pH 4 to 10, which can 
be explained by the deprotonation of acidic functional groups on the surface at higher pH.170  
The decrease in contact angle over pH 4 – 7 was probably due to the deprotonation of the surface 
-COOH groups that were previously shown on the etched PMMA domains using CV.108  The 
gradual decrease in contact angle at the higher pH (e.g., pH 7 – 10) may reflect the presence of 
other acidic functional groups such as phenolic -OH groups (pKa ~ 10)171 on the surface.  
Indeed, the presence of oxygen-containing functional groups on PS-b-PMMA surface irradiated 
by vacuum ultraviolet light (VUV) was suggested by X-ray photoelectron spectroscopy.172  On 
the other hand, the θwater value on PS homopolymer surface decreased from 86° to ca. 50° upon 
UV/AcOH treatment, indicating the formation of hydrophilic functional groups.  However, the 
contact angle values were similar regardless of solution pH (Figure 4.4, open circles), suggesting 
that the -COOH groups on the UV/AcOH-treated PS-b-PMMA films were mainly present on the 
etched PMMA domains rather than the PS domains. 
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Figure 4.4 Contact angle measured as a function of pH on UV/AcOH-treated PS-b-PMMA 
(filled circles) and PS homopolymer (open circles) films on an oxide-coated Si substrate (30 
– 35 nm thick film before UV/AcOH treatment).  The measurements were made in aqueous 
solutions containing 1.0 mM phosphate at room temperature.  The plots and error bars 
indicate the average and standard deviation, respectively, measured on three separate 
substrates. 
 4.2.2.2 Chemical Force pH Titration 
 
The contact angle measurements indicated the presence of acidic functional groups on the 
polymer surface, but could not provide chemical information on the individual nanoscale 
domains.  Two types of nanoscale domains were present on the surface of a UV/AcOH-treated 
PS-b-PMMA film.82, 83 The left column of Figure 4.5 shows topographic contact-mode AFM 
images measured using a COOH-terminated tip in aqueous solutions of (a) pH 3.0, (b) pH 4.5 
and (c) pH 10.3.  These images show horizontally-oriented, ca. 20-nm wide trenches and ca. 25-
nm wide ridges, which correspond to the etched PMMA and unetched PS domains, respectively.  
Importantly, there was no noticeable change in topographic images during the course of the 
experiment, indicating high stability of the sample and AFM tip.   
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Figure 4.5 Typical AFM images (image size: 1 x 1 µm2; total gray scale range: 5 nm; scan 
rate: 3.5 Hz), force-displacement curves and force histograms of adhesion forces obtained 
with a COOH-terminated gold tip on a UV/AcOH-treated PS-b-PMMA film at (a) pH 3.0, 
(b) 4.5, and (c) 10.3.  Measured in aqueous solutions containing 1.0 mM phosphate at room 
temperature.   
 
The center column of Figure 4.5 shows typical force-distance curves measured between a 
UV/AcOH-treated PS-b-PMMA film and a COOH-terminated tip in aqueous solutions of (a) pH 
3.0, (b) pH 4.5 and (c) pH 10.3.  At the higher pH, a smaller adhesion force in the retracting trace 
was observed in addition to a larger repulsive force in an approaching trace.  This trend could be 
clearly seen in the force histograms, the frequency distribution of adhesion forces between the 
COOH-terminated tip and UV/AcOH-treated PS-b-PMMA film, at each pH (Figure 4.5, right 
column).  Figure 4.6 shows the chemical force titration curve summarizing the average and 
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standard deviation of the adhesion forces measured between a COOH-terminated tip and a 
UV/AcOH-treated PS-b-PMMA film at different pH.  Adhesion force decreased from pH 3 to 
4.5, and then was similar at higher pH.  The smaller adhesion force at higher pH was probably 
due to electrostatic repulsion between deprotonated -COOH groups on the tip and acidic 
functional groups (e.g., -COOH groups)161, 162 on the polymer surface.  However, the pH range 
that showed the decrease in adhesion force was narrower than that shown in the contact angle 
titration (Figure 4.4).  The small change in adhesion force at pH ≥ 4.5 may be due to the 
relatively small ionic screening of the surface negative charge on the tip and substrate at 
relatively low supporting electrolyte concentration.123  On the other hand, no clear difference was 
found in adhesion force on the etched PMMA trenches, PS ridges and the boundaries of the two 
domains (Figure 4.7).  These results indicate that chemical force pH titration could be used to 
show the presence of acidic functional groups on a UV/AcOH-treated PS-b-PMMA surface, but 
did not permit the comparison of the surface chemical properties of the nanoscale domains.   
  
 
 
 Figure 4.6 Typical pH dependence of adhesion force between a COOH-terminated gold tip 
and a UV/AcOH-treated PS-b-PMMA film.  Measured in solutions containing 1 mM 
phosphate at room temperature.  The plots and error bars indicate the average and 
standard deviation, respectively, of adhesion force from 128 force curves. 
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Figure 4.7 AFM image (image size: 1 x 1 μm2 ; total grey scale range: 5 nm; scan rate: 3.5 
Hz) and force histograms of adhesion forces obtained with a COOH-terminated gold tip on 
a UV/AcOH-treated PS-b-PMMA film at pH 4.5. The histograms were obtained based on 
adhesion forces obtained on the positions indicated by the dots in the AFM image: PS 
ridges (red), etched PMMA trenches (blue) and domain boundaries (green). Measured in 
aqueous solutions containing 1.0 mM phosphate at room temperature. 
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 4.2.2.3 Friction Force Imaging of UV/AcOH-Treated PS-b-PMMA Surface Using 
Chemically Modified AFM Tips 
 
To verify the difference in the hydrophilicity of the two domains, topography and friction 
force images of a UV/AcOH-treated PS-b-PMMA film were simultaneously measured using 
CH3- and OH-terminated tips in n-dodecane.  The use of the nonpolar solvent would enhance 
hydrogen bonding interactions between polar functional groups on the tip and the surface, 
facilitating comparison of the hydrophilic nature of the domains.125, 173 The comparison of the 
images obtained using the two different tips may make it possible to discuss the difference in 
chemical properties of the domain surfaces without the influence of the topographical features.  
Figure 4.8 shows topography and friction images of a UV/AcOH-treated PS-b-PMMA film 
measured using (a) a CH3- and (b) OH-terminated tips in n-dodecane.  As with the topography 
images measured in aqueous solutions (Figure 4.5, left), the topography images in n-dodecane 
showed trenches (etched PMMA domains) and ridges (unetched PS domains) of 20 – 25 nm in 
width regardless of the tips employed.  In contrast, the different tips gave different contrast in the 
friction images (Figure 4.8, right):  CH3- and OH-terminated tips offered higher friction on the 
ridges (PS domains) and trenches (etched PMMA domains), respectively.  The higher friction 
signal between the OH-terminated tip and the etched PMMA domains probably reflected the 
strength of hydrogen bond interactions, suggesting that the density of -COOH groups was higher 
on the etched PMMA domains than on the PS domains.  The CH3-terminated tips offered a 
higher friction signal on the PS domains even in the nonpolar environment, which can perhaps be 
explained by the hydrophobic interactions originating from a water layer on the relatively 
hydrophilic polymer surface (θwater ~ 42°).  Indeed, higher friction signal on a more hydrophobic 
surface with a CH3-terminated tip in n-hexadecane was reported previously.173  Hence, the 
reversal of contrast in friction force images obtained using the OH- and CH3-terminated tips 
indicates the higher hydrophilicity of the etched PMMA domains due to the presence of acidic 
surface functional groups at higher density.   
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Figure 4.8 Contact mode AFM topography and friction images (250 x 250 nm2; scan rate: 
3.5 Hz) of a UV/AcOH-treated PS-b-PMMA film obtained in n-dodecane (a) with a CH3-
terminated gold tip and (b) an OH-terminated gold tip. The brighter contrast indicates the 
higher region in the topography images (total gray scale range: 3 nm) and higher friction in 
the friction images (total gray scale range: 0.1 V).  The applied force was 10 nN, and scan 
rate was 3.5 Hz.   
 
 
 4.2.2.4 Ferritin Adsorption onto UV/AcOH-Treated PS-b-PMMA Films Using TM-
AFM 
 
Furthermore, the surface properties of the nanoscale trenches and ridges on a UV/AcOH-
treated PS-b-PMMA film were investigated based on the adsorption behavior of ferritin, a 
globular protein with a diameter of 12 nm.174  Figure 4.9 shows a typical TM-AFM image of a 
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UV/AcOH-treated PS-b-PMMA film upon deposition of ferritin from its buffer solution of pH 
6.5.  Ferritin molecules were observed as bright dots of 12 – 17 nm in diameter and 6 – 10 nm in 
height, in addition to their larger aggregates.  Interestingly, the majority of ferritin (81 ± 5 %, 
determined from three separate samples) adsorbed onto the ridges (i.e., PS domains).  The 
preferential adsorption of ferritin onto the PS domains could be explained on the basis of the 
larger electrostatic repulsion by the deprotonated acidic groups within the etched PMMA 
domains and also the more hydrophobic nature of the PS domains.   The involvement of the 
electrostatic repulsion can be understood by considering that ferritin (pI = 4 ~ 5)174 and etched 
PMMA domains108 are negatively charged in an aqueous solution of pH 6.5.  Because of its 
higher acidic functional group density, the etched PMMA domains repelled ferritin more 
efficiently than the PS domains.  In addition, the hydrophobic properties of the PS domains 
facilitated the ferritin adsorption, as with the selective adsorption of immunoglobulin G and 
protein G onto PS domains of an untreated PS-b-PMMA film.175, 176  The deposition selectivity 
of ferritin was opposite to those of oleic acid-capped FePt nanoparticles82, 83 and poly(ethylene 
oxide)-coated CdSe nanorods98 on VUV-treated PS-b-PMMA films.  The nanoparticles and 
nanorods were confined within the trenches on the basis of the physical process involving 
solution flow that removed the excess nanomaterial solution from the PS ridges, rather than 
chemical interactions.83 
 
75 
 
 
                (a)               (b) 
 
Figure 4.9 (a) Typical TM-AFM topography image (500 x 500 nm2, total gray scale range: 
50 nm; scan rate: 2 Hz) of a UV/AcOH-treated PS-b-PMMA film upon deposition of 
ferritin molecules.  A ferritin solution (1mg/ml) in a 1 mM phosphate buffer of pH 6.5 was 
cast on the film for 30 sec for the deposition of ferritin.  After rinsing with water, the 
sample was dried and imaged using TM-AFM in air. (b) Schematic diagram of ferritin 
adsorption on the PS ridges.  
 4.2.3 Summary and Conclusions 
This chapter described the difference in surface charge and hydrophilicity of the two 
distinct nanoscale domains of UV/AcOH-treated PS-b-PMMA films using three different SFM-
based approaches.  The PS ridges were more hydrophobic and less negatively-charged than the 
trenches formed by the etching of the cylindrical PMMA domains.  The hydrophilic properties of 
the etched PMMA domains probably originated from the higher surface density of acidic 
functional groups such as -COOH groups, as suggested by the chemical force titration and 
friction force imaging using chemically modified tips.  Furthermore, the difference in surface 
properties of these domains made it possible to preferentially deposit ferritin onto the nanoscale 
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PS ridges.  Knowledge of the surface chemical properties of the two domains will provide a 
means for controlling the adsorption of nanomaterials and biomolecules on PS-b-PMMA-derived 
nanostructured films based on chemical interactions.   
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Chapter 5 - Bottom-up Fabrication and Characterization of a free-
standing PS-b-PMMA monolith inside a quartz micropipette 
 Introduction  
 
This chapter describes the novel fabrication and characterization of a free standing 
polystyrene-poly(methyl methacrylate) (PS-b-PMMA) diblock copolymer nanoporous monolith 
incorporated at the end of a quartz micropipette. The PMMA domain alignment at the free 
surface of the monolith was verified by tapping-mode atomic force microscopy (TM-AFM). Ion 
transport properties of the nanochannels were investigated from conductance measurements of 
electrolyte-filled UV/acetic acid treated PS-b-PMMA monoliths. Based on these results, ion 
transport inside the channels was modeled to take into account the surface conductivity at low 
KCl concentrations. Surface mobilities of  K+ , Li+ ,  (CH3)4N+  and (C4H9)4 N+ cations were 
determined from the surface charge density over the low salt concentration regime (<10-4 M) 
where the electrical double layer (EDL) induced by the surface negative charges is comparable to 
the channel radius and therefore excludes anions. Finally, flux of a negatively charged dye 
through the monolith was measured to assess the permselective properties of the nanochannels. 
Free standing nanoporous monoliths have potential uses as stationary phases in 
separation columns for separation of trace analytes.  For separation applications nanoporous 
membranes have already shown great potential by offering uniform pore sizes and minimal 
tortuosity compared to conventional separation media based on sol gels and entangled 
polymers.177-180 The use of free standing nanoporous films derived from materials such as anodic 
alumina (AAO),181, 182 track-etched polymer membrane (TEPM),183, 184 and block copolymers78, 
80, 99, 159has been demonstrated to  have good separation selectivity for chemical and biological 
species. This is because these materials possess an array of cylindrical nanopores with high 
porosity, a narrow pore size distribution and surface functionality.185, 186 Despite this, anodic 
alumina and track-etched membranes with their thin and flexible membrane-like structures 
cannot be adapted as a monolithic structure for stationary phases in separation columns. 
Completely free standing and thicker monolithic structures are required for separation columns 
to achieve high separation efficiency. Fabrication of free-standing membranes from block 
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copolymers78, 159 and LbL assembly of polymer films187, 188 has been previously reported but 
these were first cast on a substrate and then delaminated to produce a free standing membrane.78, 
99, 159 Membranes produced in this manner had nanoscale thicknesses which was ideal for 
achieving high fluxes. However, the fragility of such membranes prevented their use in a freely 
suspended state, hence required a secondary porous substrate to support them78 which may defeat 
the purpose of a thinner film for high transport rates.  Furthermore, additional steps for 
delaminating from the original substrate were required to transfer the membrane onto a 
secondary substrate. Free standing monolithic blocks derived from polystyrene-polylactide (PS-
PLA) diblock copolymer 92, 189 and polystyrene-polydimethylacrylamide-polylactide (PS-PDMA-
PLA) tri block copolymer93 have been previously  fabricated and characterized  by Hillmyer et 
al. However, the hydrolysis method employed to degrade the minor PLA fragment does not cross 
link the nanoporous PS-framework as would if UV irradiation were used for degradation. Hence 
the PS-framework may not be mechanically stable unless cross-linked by UV irradiation post 
hydrolysis. 
A simple route to a free-standing PS-b-PMMA monolith, by directly incorporating the 
block copolymer inside a quartz micropipette without the need for additional reinforcements to 
support the free standing membrane, is described. The direct incorporation of the free-standing 
monolith facilitates its use as in-situ chemical sensors and separation columns without any 
additional processing steps to integrate them into devices. Polystyrene-b-poly (methyl 
methacrylate) (PS-b-PMMA) diblock copolymer is ideal for this purpose because of its 
controllable domain size, tunability of domain orientation and well characterized surface 
chemical properties as described in chapter 4.   UV irradiation degrades the PMMA domains 
leaving a cross-linked porous PS framework. This results in a mechanically stable monolith with 
COO- groups lining the channel walls.108 The optically transparent nature of the UV treated PS-
b-PMMA monolith with their nanoscale cylindrical channels make them ideal for single 
molecule spectroscopic studies of molecular mass transport. Understanding molecular-level mass 
transport mechanisms is crucial for the design of separation columns based on block copolymer 
self-assembly. 
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 5.1 Experimental 
 5.1.1 Chemicals and Materials 
PS-b-PMMA (57K PS-b-PMMA: Mn = 39, 800 g/mol for PS and 17,000 g/mol for 
PMMA, Mw/Mn: 1.06) and polystyrene (PS: Mw = 119,600 g/mol) were purchased from 
Polymer Source and used as received. Potassium Chloride (Fisher Scientific), Lithium Chloride 
(Acros Organics), Tetramethyl ammonium Chloride and Tetrabutyl ammonium Chloride (Tokyo 
Chemical Industry) and Sulforhodamine B (Acros Organics) were used as received.  Quartz 
capillaries (1.15mm I.D, 1.65 mm O.D, length 10cm) were purchased from Sutter Instrument. 
Solutions used for electrochemical measurements were prepared with water having an 18 MΩ 
cm or higher resistivity (Barnstead Nanopure System).   
 
 5.1.2 Fabrication of PS-b-PMMA Monolith inside a quartz capillary 
Quartz capillaries were melted and pulled to produce micropipettes with sealed ends. The 
micropipettes were then manually polished on a 1500-b GatorGrit sand paper to obtain  conically 
shaped open ended micropipettes of internal diameters between ~50 -100 μm. The micropipettes 
were then sonicated in soap water, 18 MΩ water and finally in ethanol before treating in a 
Harrick plasma cleaner for 5 mins. The narrow ends of the plasma treated micropipettes were 
immediately immersed in a 2% w/w polystyrene (PS) in toluene. The polystyrene-coated 
micropipettes were then annealed at 190oC for 12 hrs under vacuum. After annealing, the excess 
PS on the capillary was removed by sonication in toluene to obtain a PS brush layer of ca.7 nm 
on the inner walls of the capillary. The presence of the PS brush layer was verified by checking 
the wetting properties of the micropipette by drawing up water into the capillary and measuring 
the height of water drawn. The narrow end of the PS-coated micropipette was pressed down 
vertically over a PS-b-PMMA film (~50-80 μm thick, 8% w/w PS-b-PMMA) cast on a glass 
slide (1cm x 1cm) and held upright using a metal block (see figure 5.1(a)). This assembly was 
heated in a Isotemp Model 281A vacuum oven at 230oC for 6 hrs. The micropipettes with the 
PS-b-PMMA monolith were then detached from the PS-b-PMMA film and heated again, this 
time freely suspended, under vacuum at 190oC for 12 hrs. The capillary incorporated PS-b-
PMMA monolith was exposed to UV irradiation for 3 hrs under an Ar atmosphere and 
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subsequently etched in glacial acetic acid and left overnight under reduced pressure. The 
UV/acetic acid etched PS-b-PMMA monolith was used for the characterization.   
 
 5.1.3 Characterization of capillary incorporated UV/acetic acid etched PS-b-PMMA 
monoliths 
Formation of PS-b-PMMA monolith at the narrow end of the micropipette was verified 
using an inverted Nikon Eclipse TE2000-S optical microscope at 10x magnification. PMMA 
domain alignment inside the monolith was verified by first casting a PS-b-PMMA film over a 25 
μm diameter pore drilled into a 1mm thick glass disc under the same conditions used for the 
fabrication of the monolith inside the quartz capillary. TM-AFM images of the surface of this 
PS-b-PMMA film were obtained in air using a Digital Instruments Multimode AFM with 
Nanoscope IIIa electronics.  TM-AFM probes from Applied Nanostructures (cantilever length, 
125 µm; force constant, 40 N/m; resonant frequency, 300 kHz) were used.    
The conductance of KCl solution through the micropipette was measured at different KCl 
concentrations (10-1 – 10-5 M) before and after incorporating the UV/acetic acid etched PS-b-
PMMA monolith. This was done in a two-electrode cell, using a CH Instruments model 600B 
electrochemical analyzer, by scanning the voltage from -0.2 to +0.2 V of the Ag/AgCl working 
electrode placed inside the micropipette against an  Ag/AgCl reference electrode placed in the 
bulk KCl. The micropipette was filled with the same electrolyte as the bulk solution. The 
conductance (1/R) was determined from the I-V curves for each KCl concentration.  The bulk 
conductivities (κ) of the KCl solutions were measured using a YSI Model 35 conductance meter. 
The conductance of lithium chloride, Tetramethyl ammonium chloride and Tetrabutyl 
ammonium chloride solutions, at different salt concentrations (10-1 – 10-5 M), through the 
UV/acetic acid etched PS-b-PMMA monolith was measured as described above for KCl 
solution. 
Flux measurements were performed by filling the capillary incorporated monolith with an 
aqueous solution of sulphorhodamine B dye and measuring fluorescence in the receiving solution 
over a period of 3 days using a generic Fluoromax-2 (ISA instruments J.A Inc). A feed 
concentration of 100 μM of the dye dissolved in 18 MΩ water, 1mM, 10mM and 100mM KCl 
was used for the flux experiment.   
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 5.2 Results and Discussion 
 5.2.1 Fabrication of PS-b-PMMA Monolith 
 
Formation of the PS-b-PMMA monolith at the narrow end of a quartz micropipette was 
verified by optical imaging. Figure 5.1(b) shows a typical optical image of a 50 μm thick PS-b-
PMMA monolith formed at the end of the micropipette. The monolith is defined by the optically 
transparent plug at the very end of the micropipette. Upon heating the assembly shown in figure 
5.1(a) at 230oC the PS-b-PMMA film melts (glass transition temperatures of PMMA and PS are 
129 and 106 oC respectively)190 and capillary action causes this melt to wick up the micropipette. 
This generic method has been previously employed to fabricate polymeric nanorods and 
nanotubes via capillary action of polymer melts into nanoporous alumina templates.190-192 The 
amount of PS-b-PMMA drawn into the micropipette depended upon the geometry of the 
micropipette tip. Narrower tips wicked up more PS-b-PMMA than did the wider ones. 
Furthermore, the method used for capillary pulling does not allow control over tip geometry. 
Therefore, fine control of monolith thickness was not possible and varied widely between ca. 30-
120 μm. 
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      (a) 
 
 
      (b) 
 
Figure 5.1 (a) Schematic diagram of a quartz capillary pressed down vertically over a PS-b-
PMMA film on a glass substrate and heated under vacuum at 230oC. The molten PS-b-
PMMA wicks up the capillary to form a monolith at the narrow end. (b) Optical image of a 
50 μm thick PS-b-PMMA monolith formed at the end of a quartz capillary (magnification 
10x). 
 
 
In order to improve PMMA domain alignment, the PS-b-PMMA monolith was further 
heated under vacuum at 190oC for 12 hrs, freely suspended so that both ends of the monolith 
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were exposed to the vacuum.  It is well known that PS-b-PMMA, upon annealing under vacuum 
at high temperature, forms organized arrays of cylindrical PMMA domains within a PS matrix 
when the volume fraction of PMMA and PS is 0.3 and 0.7 respectively.110 Furthermore, due to 
the nearly balanced affinity of the PMMA and PS fragments at the polymer/vacuum interface, as 
suggested by their similar surface tension values (PS- 31.4 and PMMA 31.2 mN/m)152 both 
domains are expected to be exposed at the free ends of the monolith (figure 5.2(a)). This should 
result in an array of horizontally aligned PMMA domains within the PS matrix. This was verified 
by AFM imaging of the surface as described in the next section.  Incorporating a monolithic PS-
b-PMMA inside a capillary, so that PMMA domains align horizontally within the PS matrix, 
requires modification of the wetting property of the hydrophilic quartz surface. The PMMA 
would preferentially wet an unmodified quartz surface since PMMA is more hydrophilic than 
PS. If this were the case the monolith would detach from the capillary during UV/acetic acid 
treatment in which the PMMA is degraded.  To this end, the wetting property of the quartz 
surface was reversed by covalently linking a PS homopolymer brush layer to the inner walls of 
the plasma treated quartz capillary for preferential wetting of the walls by the PS fragment.  In 
this case, PS has a higher affinity for the chemically identical PS-brush layer than would the 
hydrophilic PMMA fragment. Manipulating interfacial interactions for preferential segregation at 
the interface of one of the components in diblocks has been often used for controlling domain 
orientation in thin films.193-195The presence of the PS brush layer was verified by measuring the 
heights of a column of water drawn up by a plasma- treated unmodified cylindrical quartz 
capillary and a PS layer coated capillary. The results of these measurements are shown in table 
5.1. The height of water (h) drawn up a cylindrical capillary is given by:113 
 
gr
Cosh
ρ
θγ2
=           Eq-1 
 
where γ is the surface tension of water, θ , contact angle between wall and meniscus, r, the radius 
of capillary, ρ, density of water and g  gravity. The water contact angle θ for a plasma treated 
surface is almost zero because of the introduction of hydrophilic groups during plasma treatment; 
hence water completely wets such a surface. The water contact angle of a PS-coated capillary 
(θPS) was calculated using Eq-2 (derived from Eq-1 assuming the change in radius is negligible 
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after PS modification (PS layer ~7 nm as determined from ellipsometry of a PS brush layer on a 
glass substrate) from the heights of water measured for plasma-treated and PS-coated capillaries 
and θwater for a plasma-treated capillary.  
  
plasma
capillaryplasma
capillaryPS
PS Cosh
h
Cos θθ =         Eq-2 
 
This yielded a value of 84o for the water contact angle between the PS-coated capillary wall and 
the meniscus. This was in good agreement with the water contact angle measured on a 30-nm PS 
homopolymer film cast on a silicon substrate, θwater  = 86o (see chapter 4 section 4.2.2.1 Contact 
Angle Measurements). These results verified the presence of a PS brush layer on the capillary 
wall. The PS modification of the capillary used for this experiment was done using the same 
conditions as for the quartz micropipettes. 
 
 
Table 5.1 Height of water column and calculated water contact angle (θwater) for plasma-
treated and PS-coated cylindrical quartz capillaries. Values reported for the height are the 
average and standard deviation of at least three trials.  
 (Data obtained by Dr. Takashi Ito) 
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Figure 5.2 (a) Schematic diagram of a UV/acetic acid etched PS-b-PMMA nanoporous 
monolith at the end of a micropipette showing horizontally aligned channels (white regions) 
within a PS matrix (grey regions) (b) individual nanochannels showing  –COO- groups 
lining the inner channel wall. 
 
 
 5.2.2 Characterization of UV/acetic acid etched PS-b-PMMA monolith 
 5.2.2.1 TM-AFM imaging 
PMMA domain alignment at the monolith surface was verified by surface imaging of a 
PS-b-PMMA monolith, cast at the end of a 1 mm thick glass disc, using tapping-mode atomic 
force microscopy (TM-AFM). Figures 5.3 (a) & (b) show typical TM-AFM topography images 
of the surface of an unetched PS-b-PMMA film imaged at two different regions on the monolith. 
The bright circular dots corresponded to PMMA domains, having an average diameter of 
ca.19nm, within a PS matrix. The circular dots distributed non-uniformly in both regions of the 
monolith showing large featureless areas interspersed with a few horizontally oriented domains. 
However, a uniform distribution of circular dots was seen on a different PS-b-PMMA film (cast 
in the same manner but on a different 1 mm thick glass disc) (see figure 5.3 (d) & (e)). There 
were a significant number of horizontally oriented PMMA domains as compared to the first film 
(figure 5.3 (e)). Furthermore, the images shown in figures (d) and (e) were taken closer to the 
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edge of the film in contact with the disc wall. The presence of the horizontally oriented domains 
at the surface is not well understood. Although the distribution of the PMMA domains varied 
between the two films cast in the same manner, these results indicate that the majority of the 
PMMA domains are aligned vertically at the free surface. Scanning a wider area of the film by 
SEM imaging will be needed to discuss the distribution of domains across the film surface.     
The extent of PMMA domain alignment vertically down the monolith was verified by 
UV/acetic acid etching of the PMMA domains. Figure 5.3(c) shows the surface of the monolith 
imaged after the PMMA domains had been etched out.  Dark circular dots corresponding to the 
regions that were occupied by PMMA domains were observed. Presence of the circular dots in 
the AFM image, even after etching out the PMMA domains, indicates that the domains had 
extended down to a few hundreds of nanometers from the surface. However, it cannot be 
concluded from AFM data alone that PMMA nanochannels align themselves in perfectly 
cylindrical straight channels that span the thickness of the monolith since AFM is confined to 
surface imaging. TEM imaging will be required to image a longitudinal section of the monolith 
to verify extent of PMMA domain alignment deep within the PS matrix. 
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Figure 5.3 Typical TM-AFM topography images in air (1000 x 1000 nm2, total gray scale 
range: 30 nm (a)-(d) and 70 nm (e); scan rate: 2 Hz) of the surface of an unetched PS-b-
PMMA monolith formed at the end of a 25μm channel drilled into a 1mm glass disc, (a) 
and (b) two different regions on the film (c) after UV/AcOH-etching of the PMMA domains 
of the film shown in (a) & (b). Figures (d) and (e) represent images taken on an unetched 
PS-b-PMMA monolith cast on a different 1mm glass disc. The PMMA domains are seen as 
bright circular dots (a),(b),(d) & (e) (elevated) and as pitted regions after PMMA removal 
in (c). 
 
AFM imaging showed the orientation of the PMMA domains at the surface but could not 
reveal any defects in the monolith such as micrometer sized holes or nanoscale gaps between the 
monolith and the capillary wall. Therefore, the UV/acetic acid etched PS-b-PMMA monoliths 
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were further characterized by measuring the conductance of KCl and the flux of 
sulphorhodamine B dye molecules through the monolith.    
 5.2.2.2 Conductance measurements 
Ion conductance in nanochannels is largely affected by the surface charge on the channel 
walls. This is mainly because the surface charges induce the build up of a layer of counterions to 
form an electrical double layer (EDL) that screens the immobile surface charges.196 The EDL has 
the greatest influence on ion transport when its thickness is comparable to the channel radius at 
low salt concentrations. The role of surface charge in governing ionic conductance at low salt 
concentrations has been previously demonstrated within nanofluidic channels.197-200   Theoretical 
models also predicted the influence of surface charge density on nanochannel conductance at low 
salt concentrations.199, 201 This was attributed to an excess of mobile counterions accumulating 
within the channels to neutralize the surface charges.  As a result, in this regime, conductance 
becomes independent of bulk ionic concentration.  A plot of conductance inside nanochannels 
vs. salt concentration in log-log scale showed a conductance plateau at low salt concentrations.197 
It was also shown that at high salt concentrations conductance scaled linearly with bulk ionic 
concentration and nanochannel geometry.197-199  
The nanochannels formed after UV/acetic acid etching of the PS-b-PMMA monolith 
possess surface –COO- groups (figure 5.2(b)). Furthermore, AFM data showed that the 
nanodomains have uniform diameters of ca. 20 nm. In the absence of large micrometer sized 
defects, these channels would be expected to show surface-charge-governed ion transport in the 
low salt concentration regime.  Figure 5.4 shows typical cyclic voltammograms (CVs) obtained 
for a KCl-filled, UV/acetic acid etched PS-b-PMMA monolith at bulk KCl concentrations 
ranging between 10-5-10-1 M KCl. The overlapped CVs at the lower KCl concentrations 
(between 10-5-10-4 M KCl) gave nearly similar conductance, as determined from the slopes of the 
respective CVs, regardless of bulk KCl concentration (figure 5.4 (b)). In contrast, the 
conductance at KCl concentrations above 10-3 M showed an increasing trend with bulk 
concentration as depicted by the overlapped CVs in figure 5.4 (c).  These results are shown in 
figure 5.5 as a typical conductance plot (1/Rtotal – obtained from the slopes of CVs such as shown 
in figure 5.4) at different KCl concentrations (in log-log scale) for conductance before and after 
incorporating the PS-b-PMMA nanoporous monolith at the end of a quartz capillary. The 
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conductance scales linearly with concentration, over all KCl concentrations, for the open 
capillary (i.e. before incorporating the monolith) whereas it is only linear over a concentration 
range of 10-1-10-3 M KCl for the PS-b-PMMA incorporated monolith. At concentrations lower 
than 10-3 M KCl, the conductance within the monolith reached a plateau indicating a 
concentration independent region.  Furthermore, the conductance at 10-1 M KCl for the monolith 
incorporated capillary was two orders of magnitude lower than that for the open capillary. The 
linear dependence of conductance above 10-3 M KCl before and after incorporation of the 
monolith reflects bulk flow of both K+ and Cl- ions. The difference in conductance between the 
open capillary and monolith is because of the larger resistance of the monolith to ion flow due to 
its nanoscale channels as compared to the micrometer sized open capillary. The conductance 
plateau observed at concentrations <10-3 M KCl for the monolith is attributed to the surface 
conductivity of excess K+ ions accumulating inside the nanochannels. In this regime conductance 
is largely governed by an interplay between the surface charge density (σs) and the nanoscale 
dimension of the PS-b-PMMA channels.  
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                      (a) 
 
 
 
 
 
 
 
 
 
 
  
        (b)       (c) 
 
Figure 5.4 (a) Schematic of the electrochemical cell used for the conductance 
measurements. (b) & (c) Typical cyclic voltammograms (scan rate 0.1 V/s) obtained for 
KCl-filled etched PS-b-PMMA monolith at different KCl concentrations (a) overlapped 
CVs for 10-5, 5 x 10-5 and 10-4 M KCl (b) overlapped CVs for 10-3, 10-2 and 10-1 M KCl 
measured against an Ag/AgCl reference electrode. 
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Figure 5.5  Typical log plot of conductance of a KCl filled quartz capillary (tip I.D- 75 μm) 
as a function of KCl concentration before (red circles) and after (black circles) 
incorporating the PS-b-PMMA monolith. 
 
 
In the conductance plot shown in figure 5.5 the conductance plateau was reached at 10-4 M bulk 
KCl concentration indicating that conductance is largely governed by the surface charge below 
10-4 M.197 Furthermore, it also implies the absence of large micrometer sized holes/gaps in the 
monolith, since if these were present the conductance plateau would never be reached at the salt 
concentrations used in this work. The presence of the conductance plateau is important in that the 
surface mobility of cations within the channels can be determined from the surface charge 
density due to its influence on cation transport in the concentration independent regime. 
Furthermore, in this regime anions are occluded from the channel since the EDL is comparable 
to the pore radius, hence current is largely carried by the flow of cations. Drawing on previous 
work on nanofluidic transport, an ion transport model was used to take into account the surface 
conductivity at low salt concentrations.  
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Ion transport model. The total current (I) flowing through a KCl-filled nanoporous PS-
b-PMMA nanochannel when a voltage is applied across it, is given by:202 
 
ErErI sporebulkpore κπκπ 2
2 +=        Eq-3 
 
Where rpore is the radius of the nanochannel, κbulk  the bulk KCl conductivity and E  electric field 
(V/cm). The first term on the right hand side is related to the bulk flow of ions and the second 
term is due to the contribution of the ions in the diffuse layer to the total current. Furthermore, 
the surface conductivity within the double layer can be expressed as:202 
 
 iii
s
s cuzRT
F ∑= 3
32
ε
λσ
κ                Eq-4     
 
Substitution of Eq-4 into Eq-3 for κs and simplification using (λ2=εRT/z2F2c) for a 1:1 (z =1) 
electrolyte yields for the total current: 
 
 =I ( )++ urEr sbulkporepore σπκπ 2                Eq-5    
 
where σs and u+ are the surface charge density (C/cm2) and surface mobility of cations (cm2/Vs) 
respectively. Since I /E = 1/R and for a single channel with length (l) the total resistance of a 
single channel is given by: 
 
 =
channelR
1 ( )++ url
r
sbulkpore
pore σπκπ 2              Eq-6    
 
The total resistance of the PS-b-PMMA monolith with N number of channels, parallel to each 
other (see figure 5.2(a)), is given by:  
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 =
monolithR
1 ( )++ url
rN
sbulkpore
pore σπκπ 2              Eq-7  
 
However, the total measured resistance (R) from the I-V plot is the sum of the resistance 
(Rmonolith) due to the PS-b-PMMA monolith and the resistance (Rcapillary) due to the capillary in 
series with the monolith: 
 
 monolithcapillaryTotal RRR +=               Eq-8   
 
Substituting Eq-7 into Eq-8 for Rmonolith yields: 
 
 ( )++
=−
urrN
lRR
sporebulkpore
capillaryTotal σπκπ 22
        Eq-9      
 
where σs is the surface charge density of COO- groups. The first term in the denominator 
corresponds to the bulk conductance and the second term to the surface conductance. For a given 
KCl concentration Eq-9 assumes the value of the bulk conductivity, κ , to be the same within the 
nanochannels and in bulk solution. The total conductance through the monolith for all KCl 
concentrations is therefore the sum of the bulk conductance and the surface conductance [Eq-9]. 
At high KCl concentrations (>10-3 M – for the system under study) surface conductance is 
negligible, hence total conductance is dominated by the bulk flow of ions, so Eq-9 simplifies to:  
  
 
Nr
lRR
porebulk
capillaryTotal 2πκ
=−           Eq-10   
 
Equation 10 allows the determination of N, number of channels in the PS-b-PMMA monolith, 
from conductance of the open capillary (1/Rcapillary) and that with the PS-b-PMMA monolith 
(1/RTotal) at KCl concentrations >10-3 M (figure 5.5). The surface mobility of the cation (K+) can 
be calculated from the conductance at the plateau region, where surface conductivity dominates 
ion flow, using Eq-9.  The thickness (l) of the channels was estimated from optical images of the 
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monolith assuming the channels span the monolith thickness. The radius of the channel, rpore, 
was determined from AFM images in the work reported in chapter 4 section 4.1. The surface 
charge density (σs) of UV/acetic acid etched PS-b-PMMA nanopores has been determined from 
cation exchange experiments done by the Ito group and found to be 1.5 x 10-5 C/cm2. 
  The transport behavior of various cations through a UV/acetic acid treated PS-b-PMMA 
monolith was investigated in order to probe interactions of different cations with the surface 
COO – groups.  Figure 5.6 shows a typical conductance plot obtained at different concentrations 
of KCl, LiCl, tetramethyl ammonium chloride [(CH3)4N+ Cl- )] and tetrabutyl ammonium 
chloride [(C4H9)4 N+ Cl-)]. All of the cations showed similar conductance at higher 
concentrations (> 10-3 M) and also at the concentration independent region (between 10-4 and 10-
5 M salt concentration). Typically the conductance over the plateau region decreased in the order 
K+ > Li+ ~ (CH3)4N+  > (C4H9)4 N+. The surface mobilities of the cations were calculated from 
their conductance plots at the plateau region employing Eq-9. Table 5.2 summarizes the 
calculated surface mobilities of cations within PS-b-PMMA nanochannels.    The absolute value 
of the surface mobility consistently decreased in the order K+ > Li+ ~ (CH3)4N+  > (C4H9)4 N+  
reflecting the same trend as their bulk mobilities(Table 5.3). However, the surface mobility ratios 
between   K+,  Li+ ,  (CH3)4N+  compared to (C4H9)4 N+   differed largely for different monoliths 
(Table 5.3). This variation was more pronounced for K+ ions among the four PS-b-PMMA 
monoliths. Similar trends in surface and bulk mobilities of cations and the wide variation in 
surface mobility ratios among different monoliths make it difficult to conclude the presence of 
any interactions of these cations with –COO- groups on the channel walls.   
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Figure 5.6 Typical log plot of conductance vs. electrolyte concentration of a quartz 
capillary with a PS-b-PMMA monolith. The electrolyte used was KCl (black), LiCl (grey), 
tetramethyl ammonium chloride (green) and tetrabutyl ammonium chloride (blue). 
Conductance plot of KCl filled quartz capillary (tip I.D- 75 μm) with no monolith (red). 
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Table 5.2 Summary of the surface mobilities of cations within different PS-b-PMMA 
monoliths. The surface mobility reported is the average and standard deviation of surface 
mobilities calculated from the respective conductance plots of the cations at 10-5, 5 x 10-5 
and 10-4 M electrolyte concentration. 
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Table 5.3 Ratios of surface mobility of a cation to the surface mobility of tetrabutyl 
ammonium cation for different PS-b-PMMA monoliths.   
 
Bulk mobilities.126, 203a- data obtained from ref [126], b and c – data obtained from ref 
 [203]. 
 
 5.2.2.3 Flux Measurement 
The permselective nature of the UV/acetic acid-treated PS-b-PMMA nanochannels was 
investigated by a more direct method involving the measurement of flux of sulphorhodamine B 
through the monolith. Flux was measured as increases in the fluorescence intensity of the dye in 
the receiving cell. Figures 5.7 (a) and (b) show typical transport plots of sulphorhodamine B 
through a PS-b-PMMA monolith measured at different time intervals. The rate of transport of the 
dye increased very gradually for the dye dissolved in water and 1mM KCl compared to that 
observed for the dye in 10mM and 100 mM KCl solutions which was significantly higher. This 
trend was observed for both PS-b-PMMA monoliths (figure 5.7 (a) & (b)).  Despite the higher 
rate of transport, typically the final concentration of the dye in the receiving cell after 3 days 
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reached only ca. 2 nM. These observations can be explained by considering the permselectivity 
of the nanochannels to the negatively charged dye molecule in pure water and in different salt 
concentrations. Permselective transport is a phenomenon based on the electrostatic repulsion 
between a charged molecule and a charged pore wall when the thickness of the electrical double 
layer (EDL) is comparable to the radius of the pore.204 This phenomenon has been previously 
demonstrated for nanoporous systems.76, 108, 185, 205 The thickness of the EDL (δ) at 25oC for a 1:1 
electrolyte such as KCl is given by:126 
 
C
8100.3/1
−×
== κδ          Eq-11 
 
where C is the bulk concentration of KCl in mol/L. The characteristic thickness of the EDL is 
about 10, 3, and 1 nm for a 10-3, 10-2 and 0.1 M KCl solution respectively. Thus for PS-b-PMMA 
channels with a 20-nm diameter opening the EDL thickness is comparable to the radius in a 10-3 
M KCl solution and in water. Therefore, negatively charged sulphorhodamine dye molecules will 
be occluded from the channel due to electrostatic repulsion between the dye and –COO- groups 
on the channel wall. At higher KCl concentrations, the negative charges on the wall are 
effectively screened by K+ ions, decreasing the EDL thickness and leaving a largely neutral core. 
This explains the higher flux observed for the dye in 10mM and 100mM KCl solutions (EDL 3 
and 1 nm respectively). A perfectly permselective PS-b-PMMA channel, in the absence of any 
nanoscale holes or gaps, would be expected to completely occlude the dye molecules in water 
and 1mM KCl solution. However, a considerable flux through the monolith was observed for the 
dye in water and 1mM KCl for all of the PS-b-PMMA monoliths investigated. This indicates the 
diffusion of dye molecules through pores larger than the standard pore size of 20 nm, probably 
through nanoscale gaps between the monolith and the capillary. Indeed, shrinking of the 
nanoporous PS framework due to cross-linking during UV/Ar irradiation has been demonstrated 
previously.206. In a 100-nm gap, filled with 1 mM KCl, the EDL thickness is about 10 nm which 
effectively shrinks the gap by only 20 nm leaving a considerably neutral cross section. The 
negative surface charge has no effect on the dye molecules in the neutral region, thus permitting 
them to enter the channels even in water and 1mM KCl. These observations are consistent with 
the conductance measurements which showed transition to the conductance plateau at a much 
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lower bulk KCl concentration indicating the presence of gaps >20 nm in size. Despite this, the 
transport rates of the dye in water and 1mM KCl were still significantly lower than those in 
10mM and 100 mM KCl solutions (see figures 5.7 (a) & (b)). These results imply that only 
nanoscale gaps were present between the capillary wall and the monolith. The presence of 
micrometer-sized defects/gaps would result in high fluxes of the dye in water and 1mM KCl, 
comparable to that observed in 10 and 100mM KCl.   
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Figure 5.7 Typical transport plots for sulphorhodamine B through a UV/acetic acid etched 
nanoporous PS-b-PMMA monolith as a function of time. The feed solution concentration of 
the dye was 100 μM dissolved in water (black) 1mM KCl (red) 10mM KCl (blue) and 
100mM KCl (green), (a) & (b) represent transport data obtained from two different PS-b-
PMMA monoliths. 
 
101 
 
The diffusion coefficient of the sulphorhodamine dye in 10 and 100mM KCl solution was 
calculated using Fick’s first law which states that for a linear diffusion, the flux (J) mol/cm2s of a 
molecule is proportional to the concentration gradient ∂C/∂x and diffusion coefficient D given 
by:126 
 
( ) ( )
x
txCDtxJ
∂
∂
=−
,,         Eq-12 
 
The flux (J) through the UV/acetic acid etched PS-b-PMMA monolith was calculated 
from the moles of dye transferred (transport plots shown in figure 5.7) to the receiving cell per 
second per unit active area (πr2 pore x N). The number of pores, N, was calculated using Eq-10. 
The concentration gradient across the monolith was calculated using a feed concentration of 10-4 
M of the dye, assuming straight channels that spanned the thickness of the monolith (l). Effects 
due to tortuosity were not considered for the calculation of the diffusion coefficient. The 
calculated values of the diffusion coefficient (D) of sulphorhodamine B in PS-b-PMMA 
monoliths are summarized in table 5.4. This was found to be within the range reported in the 
literature (2.0-4.0 x 10-6 cm2/Vs)207 for the bulk diffusion coefficient of sulphorhodamine B. 
Typically D was found to be in the range between 2.0 - 6.0 x 10-6 cm2/Vs for the PS-b-PMMA 
monoliths investigated indicating that the surface charge had no influence on the diffusion of  
dye molecules at high KCl concentrations (i.e 10-2 and 10-1 M KCl). 
 
Table 5.4 Diffusion Coefficient of sulphorhodamine B dye calculated using Eq-13 and the 
transport plots shown in figure 5.6 (a) –Monolith 1 and 5.6 (b)-Monolith 2. 
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 5.3 Summary and Conclusions 
This chapter described the fabrication of a polystyrene- poly (methyl methacrylate) (PS-
b-PMMA) diblock copolymer monolith at the open end of a quartz micropipette and its 
characterization using tapping-mode atomic force microscopy (TM-AFM), ionic conductance 
and flux measurements. The capillary incorporated monolith was shown to have its PMMA 
domains align vertically at the free surface as revealed by TM-AFM imaging. This implies the 
horizontal orientation of the PMMA domains parallel to the long axis of the capillary (see figure 
5.2 (a)). The presence of circular dots after UV/Ar etching of the PMMA domains suggested that 
the domain alignment may have extended a few hundred nanometers into the monolith. 
Measurement of ionic conductance through the nanochannels showed two distinct regions in the 
conductance plot. At low KCl concentrations, conductance was mainly governed by the surface 
charge on the nanochannel walls and at high concentration bulk flow of  K+ and Cl- dominated 
ion transport. The occurrence of the conductance plateau for the UV/acetic acid etched PS-b-
PMMA monoliths enabled the determination of surface mobilities of cations from the surface 
charge density using the ion transport model.  Surface mobilities of cations showed a decreasing 
trend in the order K+ > Li+ ~ (CH3)4N+ > (C4H9)4 N+  which was consistent with the trend in their 
bulk mobilities (K+ > Li+ ~ (CH3)4N+ > (C4H9)4 N+). Flux measurements in water and different 
KCl concentrations reflected the EDL thicknesses and hence the permselective nature of the 
nanochannels for a negatively charged dye. However, flux measurements indicated the presence 
of gaps/holes that were probably within nanoscale dimensions and may have occurred during UV 
irradiation.206 
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Chapter 6 - General Conclusions and Future Direction 
The work reported in this dissertation described the fabrication and characterization of 
submicron scale and nanoscale structures in commercial polymers via the top-down and bottom-
up methods, respectively. It was also shown that bottom up self-assembly of polystyrene-poly 
(methylmethacrylate) (PS-b-PMMA) diblock copolymer could be fabricated as thin films on 
substrates and in a free-standing conformation. To the best of our knowledge, the free standing 
conformation of (PS-b-PMMA) at the end of a quartz capillary has been undertaken for the first 
time.  
In the top-down fabrication, the nonlinear nature of the etching process, for various 
commercial polymers, was demonstrated. It was also shown that for UV absorbing polymers 
strong thresholding of the etching process produced structures with high resolution. This 
technique is well suited for fabrication of arbitrary submicron-scale features in thin commercial 
polymer films as it does not involve any wet chemical development or photomasks which can 
compromise the resolution of features. Furthermore, it was concluded that 15 K PMMA, the 
lowest molecular weight examined, is best suited for use by the multiphoton ablative method. 
The main limitation of this method however is the throughput since etching involves raster 
scanning the substrate over the laser beam, hence limited by the speed of the piezo stage. 
The orientation of cylindrical PMMA domains in thin films of polystyrene-poly 
(methylmethacrylate) (PS-b-PMMA) diblock co-polymer was manipulated via a combination of 
film thickness and substrate roughness to align them either vertically or horizontally to the 
underlying substrate. It was shown that when the thickness of the block copolymer film was 
higher than the domain periodicity (ca.35 nm) regardless of the type of underlying substrate the 
PMMA domains showed vertical orientation at the free surface as revealed by AFM imaging. In 
PS-b-PMMA films having thickness close to the domain periodicity, the nanoscale roughness of 
the substrate induced vertical domain orientation on gold substrates but not on the rough silicon 
substrates. The PMMA domains oriented parallel to the underlying rough and smooth silicon 
substrates. The ability to tune the domain orientation via rough substrates and film thickness 
without the need to chemically neutralize the surface was important for investigating the surface 
chemical properties of both the PS and PMMA domains in UV/acetic acid treated PS-b-PMMA 
films described in chapter 4 (4.2).   Each orientation had its merits for the characterization of the 
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nanoporous films after UV/acetic acid etching to degrade the minor PMMA component. As 
demonstrated by the chemical force microscopy experiments which enabled simultaneous 
characterization of the surface chemical properties of the trenches formed by etched PMMA 
domains and the PS ridges. This was possible because both domains were exposed to the surface 
in the horizontal orientation exposing the functional groups in the trenches. The trenches are ca. 
1nm deep and accessible by the AFM tip. The use of chemical force microscopy would not have 
been possible with the vertical orientation of PMMA domains. The chemical characterization of 
the vertically oriented PMMA domains after UV/AcOH etching was reported in a previous 
study, by the Ito group, via cyclic voltammetry.108 The results presented in chapter 4(4.2) 
indicated that the etched PMMA domains were more hydrophilic than the unetched PS matrix 
due to the presence of acidic functional groups (-COOH) at a higher density. However, the 
results could not clarify any distinct difference in chemical properties between the two nanoscale 
domains. The importance of studying the surface chemical properties of the PS matrix lies in the 
use of these nanoporous films as templates for nanolithography and as separation membranes. 
Knowledge of the functional groups present on the PS matrix will prove useful to tailor its 
surface so that non-specific adsorption or other surface related phenomena can be enhanced or 
suppressed. The control of surface charge inside the cylindrical pores, via functionalization, has 
already been shown previously by our group.76, 79The work done in chapter 4 (4.1 and 4.2) set the 
stage for the fabrication of nanoporous PS-b-PMMA monolith at the end of a quartz 
micropipette. The surface-charge governed transport within the nanochannels, as indicated by the 
conductance plateau, allowed the determination of surface mobilities of cations at low bulk KCl 
concentration. Fluxes of the sulphorhodamine dye in 10 and 100 mM KCl solutions were shown 
to be higher than that in 1mM KCl and water.  These results suggested partial permselectivity, 
since a considerable flux of the dye was observed in water-filled monoliths indicating presence 
of gaps between the monolith and nanochannel wall. However, these gaps could not have been 
on the micro-scale, since if this were the case the flux in water would have been comparable to 
that in a KCl filled monolith. Studies on the permselectivity of PS-b-PMMA nanochannels will 
prove important for separation of charged molecules based on electrostatic repulsion.  
The free standing nanoporous PS-b-PMMA monolith has potential uses as separation 
columns for affinity based separations of biological and chemical species. The presence of –
COO - functionality lining the inner walls of the cylindrical channels renders it chemically 
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versatile in that any desired molecular recognition agent such as molecular beacons or antibodies 
can be linked to the walls. The direct incorporation of the monolith at the end of the capillary 
makes it possible to employ them as in-situ sensor probes to detect very minute amounts of 
analytes in clinical samples. However, studies directed towards elucidating the mass transport 
behavior of charged and neutral species within the nanochannels need to undertaken prior to their 
use in applications. Elucidation of molecular mass transport, on a single molecule resolution, is 
crucial for comprehending molecular interactions with the pore walls.  Therefore, future work on 
the free standing PS-b-PMMA monoliths can be directed towards employing them as platforms 
to elucidate molecular mass transport mechanisms via single molecule tracking and fluorescence 
correlation spectroscopy experiments. These single molecule techniques can resolve diffusional 
motions inside nanochannels which are usually masked in ensemble averaging techniques. 
Resolving macroscopic diffusion into distinct diffusion components will enable the design of 
efficient separation columns based on PS-b-PMMA block copolymer self assembly. Free 
standing PS-b-PMMA nanochannels will be ideal for this work because they possess a narrow 
distribution of pore sizes and well defined channels. However, TEM imaging of a longitudinal 
section of the monolith will be required to verify the alignment of the channels within the PS 
matrix. AFM imaging done in this work is limited to surface imaging which only gives an 
indication of the vertical alignment of  PMMA cylinders on the surface. To ensure that channels 
formed are perfectly straight and span the entire thickness of the monolith, TEM imaging is 
crucial. Furthermore, SEM imaging will also be required to scan a wider area of the monolith 
surface which may reveal any defects in the monolith. The gaps/holes in the monoliths reported 
in this dissertation were shown to be on the nanoscale dimension, which is more promising than 
if large micron-scale defects were present. Nevertheless, these monoliths still possess important 
features like tunable pore diameters and render themselves to chemical functionalization. Future 
studies can focus on native nanochannels (with –COOH groups) to investigate the single 
molecule behavior of charged and neutral molecules within the nanochannels. Building on this 
framework, the charge on the channel can be controlled via functionalization or pH to investigate 
the molecular transport behavior of various chemical and biological species. More elaborate 
functionalization with DNA hairpin probes or antibodies may also be possible for separation 
based experiments with the PS-b-PMMA nanochannels.           
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